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Vibrotactile feedback (VTF) has been shown to improve balance performance in healthy people 
and people with vestibular disorders in a single-task experimental condition. However, typical 
balance activities occur in a multi-task environment. Dual-task performance can degrade with 
age and in people with vestibular disorders. It is unclear if the ability to use VTF might be 
affected by dual-task conditions in different age groups and people with vestibular disorders. The 
purposes of this dissertation are to investigate in healthy young and older adults, and people with 
vestibular disorders: 1) balance performance in a dual-task paradigm under various sensory 
conditions while using VTF, 2) reaction time during dual-task performance under different 
sensory conditions while using VTF, and 3) the effect of testing duration and visit on VTF use.  
Three study visits were included in this dissertation study: one screening visit and two 
experimental visits. Twenty younger and twenty older subjects were recruited in the first study to 
determine if VTF was affected by age. Seven people with unilateral vestibular hypofunction 
(UVH) and seven age-matched controls were recruited in the second study to investigate the 
effect of vestibular dysfunction. 
The results showed that young and older adults use VTF differently, depending on the 
underlying sensory integration balance task. Older adults increased postural sway during fixed 
platform conditions, but both young and older adults decreased postural sway during sway-
referenced platform conditions. Reaction times on the secondary cognitive tasks increased more 
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while using the VTF in older adults compared with young adults. This finding suggested that 
using VTF requires greater attention in older adults. The trial duration and visit also affected 
postural sway performance while VTF was applied. Similar postural sway results were found 
when comparing people with UVH and age-matched controls. However, no group difference was 
found between people with UVH and age-matched controls in the magnitude of postural sway, 
which suggested that people with UVH were able to use VTF under dual-task conditions similar 
to normal adults. Our data also indicated that people with UVH require more attentional 
resources to perform secondary cognitive tasks while using VTF.  
  
   
  
 
 v 
TABLE OF CONTENTS 
PREFACE ................................................................................................................................. XIV 
1.0 INTRODUCTION ........................................................................................................ 1 
2.0 BACKGROUND .......................................................................................................... 4 
2.1 AGING, SENSORY FUNCTION AND FALLING .......................................... 4 
2.2 VIBRATION SENSE........................................................................................... 6 
2.3 VIBROTACTILE FEEDBACK ......................................................................... 9 
2.3.1 Basic concept of the vibrotactile feedback .................................................... 9 
2.3.2 The design of the vibrotactile feedback system........................................... 10 
2.3.3 Use of the vibrotactile feedback system for postural control .................... 12 
2.4 POSTURAL CONTROL AND DUAL-TASK ................................................ 15 
2.4.1 Dual-task methodology.................................................................................. 15 
2.4.2 Dual-task performance in young adults ...................................................... 17 
2.4.3 Dual-task performance in aging ................................................................... 20 
2.4.4 Dual-task performance during gait.............................................................. 23 
2.4.5 Dual-tasking and falls prevention ................................................................ 26 
2.4.6 Dual-task performance in people with cognitive impairment ................... 27 
2.4.7 Dual-task performance in persons with vestibular disorders ................... 28 
2.4.8 Dual-tasking and clinical applications ......................................................... 32 
 vi 
3.0 SPECIFIC AIMS ........................................................................................................ 35 
3.1 SPECIFIC AIM 1 .............................................................................................. 35 
3.1.1 Rationale ......................................................................................................... 35 
3.1.2 Specific Aim.................................................................................................... 36 
3.1.3 Research Question & Hypothesis 1 .............................................................. 36 
3.2 SPECIFIC AIM 2 .............................................................................................. 38 
3.2.1 Rationale ......................................................................................................... 38 
3.2.2 Specific Aim.................................................................................................... 38 
3.2.3 Research Question & Hypothesis 2 .............................................................. 39 
4.0 METHODS ................................................................................................................. 40 
4.1 STUDY SUBJECTS........................................................................................... 40 
4.1.1 Healthy Subjects ............................................................................................ 40 
4.1.2 Subjects with Unilateral Vestibular Hypofunction .................................... 41 
4.2 INSTRUMENTATION ..................................................................................... 43 
4.2.1 Posture Platform ............................................................................................ 43 
4.2.2 Information Processing Task ........................................................................ 43 
4.2.3 The Vibrotactile Feedback System .............................................................. 44 
4.2.3.1 Body Tilt Sensor .................................................................................. 44 
4.2.3.2 Vibrotactor Array ............................................................................... 48 
4.2.3.3 Control Unit (Computer and program) ............................................ 49 
4.3 PROCEDURES .................................................................................................. 51 
4.3.1 Screening visit ................................................................................................ 51 
4.3.2 Experimental visit (2nd and 3rd visit) ......................................................... 53 
 vii 
4.3.3 Data analysis .................................................................................................. 54 
4.3.3.1 Statistical analysis (Aim 1) ................................................................. 55 
4.3.3.2 Statistical analysis (Aim 2) ................................................................. 56 
5.0 THE USE OF VIBROTACTILE FEEDBACK DURING DUAL-TASK 
STANDING BALANCE IN OLDER AND YOUNG ADULTS ............................................. 58 
5.1 INTRODUCTION ............................................................................................. 58 
5.2 METHODS ......................................................................................................... 60 
5.2.1 Subjects ........................................................................................................... 60 
5.2.2 Instrumentation ............................................................................................. 61 
5.2.3 Experimental procedure ............................................................................... 62 
5.2.4 Outcome measures ......................................................................................... 63 
5.2.5 Statistical Analysis ......................................................................................... 64 
5.3 RESULTS ........................................................................................................... 65 
5.3.1 Postural Sway ................................................................................................. 65 
5.3.2 Percentage time in the neutral zone ............................................................. 75 
5.3.3 Reaction Time ................................................................................................ 80 
5.4 DISCUSSION ..................................................................................................... 83 
5.5 CONCLUSION .................................................................................................. 86 
6.0 THE USE OF VIBROTACTILE FEEDBACK DURING DUAL-TASK 
STANDING BALANCE IN PEOPLE WITH UNILATERAL VESTIBULAR 
HYPOFUNCTION ...................................................................................................................... 87 
6.1 INTRODUCTION ............................................................................................. 87 
6.2 METHODS ......................................................................................................... 88 
 viii 
6.2.1 Subjects ........................................................................................................... 88 
6.2.2 Instrumentation ............................................................................................. 89 
6.2.3 Experimental procedure ............................................................................... 90 
6.2.4 Outcome measures ......................................................................................... 91 
6.2.5 Statistical Analysis ......................................................................................... 92 
6.3 RESULTS ........................................................................................................... 93 
6.3.1 Postural Sway ................................................................................................. 95 
6.3.2 Percentage of Time in the Neutral Zone .................................................... 101 
6.3.3 Reaction Time .............................................................................................. 103 
6.4 DISCUSSION ................................................................................................... 105 
6.5 CONCLUSION ................................................................................................ 107 
7.0 DISCUSSION ........................................................................................................... 109 
8.0 STUDY LIMITATIONS/OBSERVATIONS ......................................................... 111 
9.0 FUTURE WORK ..................................................................................................... 113 
10.0 CONCLUSION ......................................................................................................... 115 
APPENDIX A. TRAINING PROTOCAL FLOW CHART ................................................. 116 
APPENDIX B. SIXTEEN TEST CONDITIONS ................................................................... 117 
BIBLIOGRAPHY ..................................................................................................................... 119 
 ix 
 LIST OF TABLES 
Table 1. Sensor Reliability Test: The values of the pitch and roll signals were recorded in two 
different days ................................................................................................................................ 48 
Table 2.  Effects of age, sensory condition, vibrotactile feedback (VTF), performance of auditory 
choice reaction time (CRT) tasks, period and visit on the root-mean-square of the anterior-
posterior center of pressure (RMS COP). ..................................................................................... 67 
Table 3. Effects of age, sensory condition, performance of auditory choice reaction time (CRT) 
task, period and visit on the root-mean-square of the anterior-posterior trunk tilt (RMS trunk tilt )
....................................................................................................................................................... 70 
Table 4. Effects of age, sensory condition, performance of auditory choice reaction time (CRT) 
task, period and visit on the percentage of time in the neutral zone. ............................................ 77 
Table 5. Effects of age, sensory condition, vibrotactile feedback (VTF), and visit on the median 
reaction time during performance of an auditory choice reaction time task ................................. 81 
Table 6. Basic information for subjects with unilateral vestibular hypofunction and normal 
control subjects ............................................................................................................................. 94 
Table 7. Effects of group, sensory condition, vibrotactile feedback (VTF), performance of 
auditory choice reaction time (CRT) tasks, period and visit on the root-mean-square of the 
anterior-posterior center of pressure (RMS COP) ........................................................................ 97 
 x 
Table 8. . Effects of group, sensory conditions (Condition), performance of auditory choice 
reaction time (CRT) task, period and visit on the root-mean-square of the anterior-posterior trunk 
tilt (RMS trunk tilt) ....................................................................................................................... 98 
Table 9. Effects of group, sensory condition, performance of auditory choice reaction time 
(CRT) task, period and visit on the percentage of time in the neutral zone ............................... 102 
Table 10. Effects of group, sensory condition, vibrotactile feedback (VTF), and visit on the 
median reaction time during performance of an auditory choice reaction time task .................. 104 
 
 xi 
LIST OF FIGURES 
 
Figure 1. The Dorsal Column-medial Lemniscal Tract Pathway ................................................... 8 
Figure 2. Four Columns and Two Rows of Tactors (4 columns by 2 rows)................................. 11 
Figure 3. Different Xsens Kalman Filter-3 Scenarios for Various Testing Conditions ................ 46 
Figure 4. Sensor Reliability Test Setting ...................................................................................... 47 
Figure 5. The Tactor Control Unit ................................................................................................ 49 
Figure 6. Diagram of the Vibrotactile Feedback System .............................................................. 51 
Figure 7. Effect of VTF*Age*Condition interaction on the root-mean-square of the anterior-
posterior center of pressure (RMS COP) ...................................................................................... 68 
Figure 8. Age*Condition, Condition*Visit and Condition*Period interaction on the root-mean-
square of the anterior-posterior trunk tilt (RMS trunk tilt) when VTF was applied ..................... 71 
Figure 9. Effect of Period*VTF*Condition interaction on the root-mean-square of the anterior-
posterior center of pressure (RMS COP) ...................................................................................... 73 
Figure 10. Effect of VTF*Age*Visit interaction on the root-mean-square of the anterior-posterior 
center of pressure (RMS COP) ..................................................................................................... 74 
Figure 11. Condition*Age*Visit interaction on the percentage of time in the neutral zone ........ 78 
Figure 12. Period*Condition*Visit interaction on the percentage of time in the neutral zone .... 79 
 xii 
Figure 13. Effect of a. VTF*Age interaction, b. VTF*Visit interaction and c. Age*Visit 
interaction on median reaction time .............................................................................................. 82 
Figure 14. Group*CRT*Visit interaction on the root-mean-square of the anterior-posterior center 
of Pressure (RMS COP) ................................................................................................................ 99 
Figure 15. VTF*Period interaction on sway-referenced platform and Eye open condition: RMS 
COP reduced in Period while VTF was on compared to RMS COP increased with time while 
VTF was off ................................................................................................................................ 100 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xiii 
PREFACE 
Five years ago, I decided to come to the United States for advanced training in research. It was a 
very critical decision in my life. To make this decision, I had to give up a good job and a 
chance of promotion, leave my family and friends, go alone to a foreign land and speak 
different language in which I was not skilled. It was really a big struggle for me. However, to 
receive such an honor, a Doctor of Philosophy degree, was worth all of the effort. This honor 
should also belong to those people who have helped me in my academic field and my life.  
I would like to acknowledge my advisor, Dr. Susan L. Whitney, for her support and 
guidance; I could never have achieved this Ph.D degree without her help. She is also the 
model of my future career. I would like to acknowledge my co-advisor, Dr. Patrick J. 
Sparto, for his continuous help, support and guidance. I would like to acknowledge my 
committee numbers, Dr. Joseph M. Furman, Dr. Patrick J. Loughlin and Dr. Mark S. Redfern, 
for their thoughtful and insightful comments. I would also like to acknowledge Dr. 
Kathleen H. Sienko, for her vibrotactile feedback system and her terrific research in the field 
of vibrotactile feedback.  
I would like to acknowledge the Eye & Ear Institute Staffs, Anita Lieb, Pamela 
Dunlap, and Susan Strelinski, and my colleagues, Abdulaziz Alkathiry, Bader Alqahtani, Brooke 
Klatt, Faisal Asiri, Kefah Alshebber, Mohammad Almohiza, Mohammad Alshehri, Saud 
Alsubaie and Sahar Abdulaziz. Without their help, this dissertation would never have done.  
xiv 
Finally, special thanks go to the study participants, my family and friends. Because of your 
participation and support, I was able to defend my dissertation in front of my committee and 
accomplish this degree. My special and deep thanks are for my wife, Polly, and my unorn  ̀bady 
girl, Nana, for your company at our sweet home.            
xv 
1.0  INTRODUCTION 
Falls in the elderly are devastating for the individual and have social and economic ramifications. 
In the United States, approximately 16% of older persons (age≥65) reported falling at least once 
during the past three months and 31% of those experienced  an injury that required medical 
care[1] leading to $23.3 billion in annual expenditures.[2] Older people who experience a fall 
often have vestibular dysfunction according to clinical vestibular testing.[3, 4] Vestibular 
dysfunction has been identified as a critical factor that causes falls in older persons.[5, 6] A large 
epidemiological study by Agrawal et al.[5]  has shown that 49% of adults over 40 years of age 
reported dizziness and difficulty in balance or falling in the past 12 months with a suggested 35% 
prevalence rate of vestibular dysfunction in the United States. Thus, early diagnosis and 
treatment of vestibular disorders might help reduce falls and falls-related costs.[5] However, in 
real-life circumstances, not only vestibular dysfunction, but also visual impairment, [7] 
medications,[8] leg extension strength,[9] handgrip strength,[9] and attention[10, 11] have been 
reported as important factors that may result in falls in older persons. 
Vestibular rehabilitation was developed in the early 1940s.[12]  At that time investigators 
began to realize that head and eye movements might affect postural control and dizziness. 
Several clinical vestibular assessments (i.e. dynamic visual acuity[13-15], the gaze stabilization 
test[14], the head thrust test[16], the head-shake test[17, 18]) and laboratory tests (caloric 
1 
test[18], rotational chair[19, 20], vestibular evoked myogenic potenials[21]) have been 
developed to help clinicians identify functional deficits in persons with vestibular disorders. 
Although vestibular rehabilitation has been validated,[22-25] clinicians continue to search for 
technological advances that can help prevent falls and enhance their rehabilitation program.[26]  
Auditory feedback has been employed to improve balance control for people with 
bilateral vestibular hypofunction.[27, 28] Persons with bilateral vestibular loss can utilize an 
auditory feedback prosthesis to help decrease trunk sway.[27, 28] However, the auditory 
feedback prostheses in these studies required the user to be familiar with the encoding of the 
feedback to movement directions. 
Wall et al.[29-33] have proposed a new prosthesis, called a vibrotactile feedback 
prosthesis, that uses sensory substitution technology to replace or augment sensory information 
in order to provide additional sensory cues for postural control. Recent studies reveal that 
vibrotactile feedback can improve postural control. Kentala et al.[34] assessed a vibrotactile 
balance feedback device using computerized dynamic posturography and found that the 
prosthesis significantly reduced anterior-posterior sway in subjects with vestibular deficits. The 
investigators also suggested that the prosthesis may be helpful in reducing falls. Vibrotactile 
feedback has also been shown to improve dynamic walking in healthy elderly adults after a short 
training protocol.[33]  
Dual-task balance paradigms have been used to evaluate the cognitive demands on 
postural control. Studies have shown that age and disease affect postural control and 
cognition.[35, 36] Older adults often attend to the postural task more than the cognitive task.[28, 
37] Diseases, such as vestibular disorders, also affect the amount of attention required for 
postural control compared to healthy adults.[38-40] It is not clear if people who use more 
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attentional resources for postural control are able to utilize vibrotactile feedback to control their 
sway. 
Although the vibrotactile feedback device has been validated in small samples for 
improving postural control,[26, 34, 41-43] the interaction between using vibrotactile feedback 
information and  performing a secondary task in different age groups and people with vestibular 
disorders is still not clear. Young adults, older adults, and people with unilateral vestibular 
hypofunction process sensory information in different ways, especially during dual-task 
conditions.[36, 40, 44, 45] When using the vibrotactile feedback device combined with dual-task 
conditions, different strategies of balance control may be demonstrated. The purpose of this 
research is to examine the influence of performing a secondary task while using vibrotactile 
feedback on postural sway in healthy young and older adults, and people with vestibular 
disorders. Improving balance control in older people and people with unilateral vestibular 
hypofunction might help to minimize the risk of falls, their associated secondary complications 
and hospitalization costs, and improve the quality of life and health of older persons and persons 
with vestibular disorders.   
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2.0  BACKGROUND 
2.1 AGING, SENSORY FUNCTION AND FALLING 
In the United States, 38.6 million people were age 65 or over in 2010.[46] The number of people 
over the age of 65 is 1.3 times more compared to 1990.[46] More than 2 million people over the 
age of 65 were injured related to a fall accidents in 2010 and more than 20,000 people over the 
age of 65 died from a fall related accident in 2009.[47] In 2005, more than 469,000 people over 
age 65 were hospitalized due to nonfatal unintentional falls. The total medical cost was more 
than 8 billion dollars and the total work loss cost was more than 5 billion dollars.[47] Falls were 
ranked the number one nonfatal unintentional injury in 2007.[46] The cost of a fall for an older 
person is an enormous burden to the individual, society and to the healthcare system. Therefore, 
fall prevention programs are a critical issue for the health care system and society. In order to 
develop a falls prevention program, using modern technologies in the elderly may assist in 
developing a better solution.        
Vision, somatosensory and vestibular information are all involved in the maintenance of 
human postural control.[48, 49] Among the three systems, somatosensation was estimated to 
contribute 50%~70% of the information in maintaining postural control in older adult and 
30%~40% in young adults.[50-52] However, age-related declines affect somatosensory 
function.[53-55] Vibration perception and tactile sensitivity are affected by aging. [53] Others 
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also reported that the function of plantar mechanoreceptors decreased with aging. [54, 55] 
Several studies have also suggested that decreasing function in plantar mechanoreceptors is 
related to increased postural instability[56, 57] and falls.[58] Bergin et al.[56] compared body 
sway in normal healthy subjects and people with peripheral neuropathies. They found that body 
sway had a positive correlation with vibration perception. People with peripheral neuropathies 
demonstrated increased body sway.[56] Others have examined the contribution of foot 
mechanoreceptive sensation on stability in young and old adults.[57] The vibration perception 
threshold and tactile sensitivity were tested on young and old adults. Young adults showed lower 
vibration perception threshold and greater tactile sensitivity than older adults. Foot 
mechanoreceptive sensation was associated with stability during balance perturbations. Sturnieks 
et al.[58] investigated physiological risk factors for falls in older adults with lower limb arthritis. 
They found that lower limb proprioception and muscle strength were related to falling. A 
comprehensive balance examination should include the examination of distal sensation.[57]        
Vestibular function also declines with aging.[59] Age-related declines of vestibular 
function include inner ear hair cell loss or death[60, 61], neuron fibers degeneration[62, 63], 
neuronal loss in medial vestibular nucleus[64] and decreased amplitudes of the vestibulo-ocular 
reflex (VOR)[65]. Declines in vestibular function may lead to dizziness and balance disorders.[5, 
66, 67] Agrawal et al.[5] reported that vestibular dysfunction was associated with an increase in 
the odds ratio of self-reported dizziness and falling. Ishiyama[66] suggested that imbalance and 
vertigo is related to human aging. In a longitudinal study by Kerber et al.[67], they found that 
decreasing vestibuloocular reflex (VOR) gain, optokinetic gain, and visual-VOR gain is 
associated with decreasing Tinetti gait and balance scores. Lin and Bhattacharyya[68] reported 
that one in five elderly experience problems with dizziness or balance problems based on the 
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2008 National Health Interview Survey. Others have suggested that early diagnosis and 
treatment of vestibular disorders might help reduce falls and falls-related costs.[5]           
After somatosensory decline, vision becomes the most important sensory feedback for 
balance control in older adults.[69] Age-related declines of visual function include loss of visual 
acuity,[70-72] contrast sensitivity,[73-75] and depth perception.[75] Lord and Ward[76] reported 
that increased reliance for postural control was seen until age 65. However, vision becomes 
progressively worse after the age of 50.[70] Loss of visual acuity[70-72], contrast sensitivity [75] 
and reduced depth perception[75] are associated with increased risk of falls in the elderly. Age-
related visual impairments, such as macular degeneration, diabetic retinopathy, cataracts, and 
glaucoma, affect the vision of older adults.[77] Impaired vision with loss of contrast sensitivity, 
misjudgment of distance, misperceived spatial relationships and multifocal glasses increase the 
risk of falls.[73, 74, 78] Therefore, good vision management is an effective strategy for reducing 
falls in elderly.[78] 
    Using sensory substitution or augmentation as a way to counter these age- and disease-
related impairments may help to decrease fall risk in older adults and people with balance 
impairment. The following section will discuss the development of a sensory substitution 
prosthesis that is designed to enhance postural control.  
2.2 VIBRATION SENSE 
Mechanoreceptors in human skin respond to mechanical pressure that transmit the response 
through the neural afferents to the cerebral cortex.[79] The receptors that respond to vibration are 
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Merkel disk receptors, Meissner’s corpuscles and Pacinian corpuscles.[80] Merkel disk receptors 
are classified as slowly adapting receptors and respond to low frequency (5-15 Hz) vibration.[80] 
Meissner’s corpuscles are classified as rapidly adapting receptors and respond to mid-range 
frequency (20-50 Hz) vibration.[80]  Pacinian corpuscles are also classified as rapidly adapting 
receptors and respond to high frequency (60-400 Hz) vibration.[80]  Humans are most 
responsive to vibration at frequencies of 200-250 Hz.[81] 
The dorsal column-medial lemniscal (DCML) pathway relays vibratory sensation. The 
neural fibers travel in this pathway from the mechanoreceptors to the dorsal column of the spinal 
cord. The fibers from the lower extremities travel up the dorsal column to the gracile tract of the 
spinal column to the gracile nucleus while the fibers from the upper body (6th thoracic vertebrae) 
travel up lateral to the cuneate tract to the cuneate nucleus. The neurons from the receptors to the 
gracile or cuneate nucleus are called first order neurons. The neuron fibers then cross to the 
opposite side of the medulla. At the medulla, the neuron fibers travel in different orientations in 
the columns and medial lemniscus according to the source of the neuron fibers. The neuron 
fibers from the lower body travel medial in the columns and more ventral in the medial 
leminiscus; the neuron fibers from the upper body travel more lateral in the columns and more 
dorsal in the medial leminiscus. The neuron fibers then ascend the brainstem to terminate in the 
ventral posterolateral (VPL) nucleus of the thalamus. The neuron fibers from the face terminate 
in the ventral posteromedial (VPM) nucleus of the thalamus. The neurons from the medulla to 
the thalamus are called second order neurons. The neuron fibers beginning in the thalamus 
ascend to the primary somatosensory areas, called third order neurons.(Figure 1) 
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 Figure 1. The Dorsal Column-medial Lemniscal Tract Pathway 
 
There are two ways to examine vibration sensation. The tuning fork is most commonly 
used in clinic to assess the vibration sensation. A guideline from the Michigan Diabetes Research 
and Training Center, University of Michigan Health System recommends using a 128 Hz tuning 
fork and testing bilaterally on the boney prominence of the distal interphalangeal (DIP) joint of 
foot with subjects eyes closed.[82] However, a tuning fork is not sensitive to measure the 
changes of amplitude threshold of vibration sensation, which may be seen in some diseases, such 
as diabetic peripheral neuropathy[83] The Biothesiometer (Bio-Mediacl Instrument CompanyTM, 
OH, USA) is like an electrical tuning fork in which vibration amplitude can be adjusted by 
changing voltage from 0-50 volts. The Biothesiometer provides semi-quantitative assessment of 
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vibration perception threshold (VPT). VPT of more than 25 V is considered abnormal and be 
strongly predictive of subsequent foot ulceration.[84] However, Williams et al.[85] have found 
wide variability in VPT among different sites in people with diabetes. They suggested that the 
VPT test should be performed bilaterally and tested in different sites to determine the presence of 
neuropathy.  
2.3 VIBROTACTILE FEEDBACK 
2.3.1 Basic concept of the vibrotactile feedback  
Biofeedback has been commonly used for gait training[86], muscle strength and control 
training[87] and as a relaxation techniques[88] in rehabilitation. The purpose of using 
biofeedback is to help people increase the awareness and control of physiological response and 
learn a technique.[89] As technology advances, there have been changes in the field of 
rehabilitation as more health professionals embrace biofeedback technology in the care of their 
patients.       
Vibrotactile feedback is one form of biofeedback that has recently been used in 
rehabilitation of balance and dizziness disorders. Vibrotactile displays were first used by the U.S. 
Navy to provide pilots with navigational cues from the aircraft avionics.[90, 91] The pilots were 
trained to use the information from the vibrotactile displays on their abdomen. Rupert et al. have 
suggested that the information from the vibrotactile displays can help pilots reduce spatial 
disorientation mistakes[92] and convey aircraft position and motion information.[90] Although 
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using vibrotactile feedback is not a new technology, Wall et al. have extended the concept of 
vibrotactile feedback to enhance human balance control for the purpose of rehabilitation.[31]  
The prototype prosthesis, which included a head- or body- mounted sensor and tactors 
was proposed by Wall et al. in 2001.[32] At that time, the sensor was composed of one 
gyroscope and one linear accelerometer and the volume of the sensors was large and not easy to 
carry. The characteristics of the gyroscope and the linear accelerometer were based on the 
biophysical model of vestibular function. Human psychophysical experiments have indicated 
that the minimal thresholds of the human body to detect linear acceleration[93] and angular 
acceleration are 0.05m/s2 and 1º/s2. [94] The effective bandwidth of the semicircular canal and 
the otolith organs were estimated to be 0.016 to 53Hz[95] and 0 to 40Hz, respectively[96]  Wall 
et al. believed that the prosthesis could substitute for actual vestibular function and enhance 
one’s balance performance. [32]  
 
2.3.2 The design of the vibrotactile feedback system  
According to the original design of the vibrotactile feedback system by Wall et al.[32], there 
were three major elements: an inertial sensor, computer and a vibrotactile array. The inertial 
sensor was composed of a gyroscope and a linear accelerator. Wall et al.[32] had suggested that 
the inertial sensor should be able to substitute for vestibular function. The inertial sensor was 
mounted on the head in the original design[32], but switching to body in the later studies[30]. 
The signals from the inertial sensor were used to estimate body tilt by calculating the values form 
gyroscope and the linear accelerator. The signal from the gyroscope and the linear accelerator 
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was used to estimate the angular body tilts and body tilt velocity via a complex mathematic 
calculation. The vibrotactile display was driven by the body position, angular body tilts and body 
tilt velocity. The threshold of vibrotactile activation was set at 0.5º head tilt. Computer software 
was used to process the signal from the inertial sensor using LabView (National Instruments 
Corporation, Austin, TX).  
 Various vibrotactile display schemes have been compared with different numbers of 
tactors and placements on the body. Wall et al.[32] have compared the tactor placement at the 
shoulder and waist. They concluded that there was no significant difference in root-mean-square 
(RMS) of center of pressure (COP) between the two locations.[32] Sienko et al.[42, 97] 
suggested that four columns and two rows of tactors (a total of eight) would be enough for 
coding tilt magnitude. The columns represent the four directions of body sway (forward, 
backward, right and left) and two tactors in each column sequentially activate from bottom to top 
in response to increasing sway in the assistive direction. (Figure 2) 
 
 
 
 
 
Figure 2. Four Columns and Two Rows of Tactors (4 columns by 2 rows) 
  
Vertiguard®RT and BalanceFreedom (SwayStarTM) are commercially available 
vibrotactile feedback systems on the market. Vertiguard®RT is similar to Wall’s device but is 
simplier (four tactors and a sensor). Vertiguard®RT [98, 99] has been used on different groups 
with balance deficits, such as people with vestibular disorders and Parkinson’s disease. Basta et 
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al.[98] found that Vertiguard®RT vibrotactile feedback training was helpful in reducing trunk 
and ankle sway and decreasing subjective symptom scores in people with vestibular disorders 
and Parkinson’s disease. BalanceFreedom (SwayStarTM )[100, 101] is a device that combines 
auditory and vibrotactile feedback. It also can be used as an evaluation device for postural 
sway.[102, 103]  
2.3.3 Use of the vibrotactile feedback system for postural control 
The effect of the vibrotactile feedback system on controlling postural sway in young healthy 
subjects and people with vestibular disorders has been validated.[30-34, 41, 97, 104, 105] Wall 
et al.[32] compared vibrotactile feedback with another balance aid, a light touch cue[106] which 
was defined as one fingertip lightly placed on a fixed support in front of the subject. Lackner et 
al[106] had suggested that light touch of the index finger on a stationary surface could reduce 
postural sway during quiet stance in normal healthy subjects and people with bilateral vestibular 
loss. The results demonstrated that the vibrotactile feedback system significantly reduced RMS 
of COP compared to light touch.[32] Kentala et al.[34] compared anterior-posterior (AP) 
postural sway with and without the vibrotactile feedback prosthesis on six subjects with 
vestibular deficits based on excessive sway in conditions 5 and 6 of the Sensory Organization 
Test. Vibrotactile feedback reduced postural sway effectively in the AP direction in the subjects 
with unilateral or bilateral vestibular hypofunction.[34]  
Dozza et al.[41] tested subjects with unilateral vestibular loss to examine the effect of 
vibrotactile biofeedback during tandem gait. Subjects who experienced a short training period of 
5-10 minutes with vibrotactile feedback improved tandem gait performance. Sienko et al.[97] 
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recruited eight subjects with weakly compensated vestibular loss and noted that the subjects had 
reduced root-mean-square (RMS) trunk sway when the vibrotactile feedback was applied. They 
also compared the time which the subjects stayed outside the neutral zone (tactors provided 
vibrotactile feedback) when the tactors were on versus off. They found that subjects spent less 
time outside the neutral zone when the tactors were on. Others have used a head-mounted 
vibrotactile device in persons with bilateral vestibular hypofunction.[105] Postural sway was 
reduced during computerized dynamic posturography while wearing the head mounted 
vibrotactile feedback device.[105] Wall et al.[30] also examined the use of VTF on the sensory 
organization testing condition. The results showed that vibrotactile feedback helped reduce AP 
sway and improved balance during the sensory organization test condition 5 and 6 when they 
tested subjects with moderate and severe vestibular deficits.[30] Peterka et al.[104] determined 
the effectiveness of a vibrotactile balance prosthesis by analyzing subjects’ responses to different 
support surface stimulus perturbations (support surface tilt angle in 1º, 2º, 4º, 8º). The results 
showed that vibrotactile feedback reduced RMS in healthy adults and people with bilateral 
vestibular hypofunction for the different support surface stimulus amplitudes, although people 
with bilateral vestibular hypofunction demonstrated higher RMS postural sway than healthy 
adults.  
By detecting the body position and sway velocity (see section 2.3.2), the vibrotactile 
feedback system is able to improve postural sway and gait function. Wall et al.[33] examined the 
effect of vibrotactile feedback on healthy older adults when performing the Dynamic Gait Index 
(DGI). The results demonstrated that vibrotactile feedback decreased the amount of medial-
lateral trunk tilt and improved the DGI scores from a mean of 17.1±0.4 to 20.8±0.3 for subjects 
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at risk for falls. They further analyzed the change of DGI subtest scores and found that 
vibrotactile feedback helped most in the subtests requiring head turns.[33]  
The algorithm to activate Wall et al.’s vibrotactile feedback device is based on 
combinations of body position and sway velocity. Goodworth et al.[107] examined the various 
combinations of weighted body position and sway velocity in healthy adults in order to identify 
the best combination for reducing body sway. However, no specific combination that could 
reduce postural sway uniformly was found because combinations of feedback that reduce low 
frequency postural sway (<0.5 Hz) also increased high frequency postural sway (>2Hz) and vice 
versa.[104, 107] Loughlin et al[108] has proposed a subject-specific design to solve this 
problem, but only simulation results have been demonstrated so far. 
Additional work is needed to validate the vibrotactile feedback devices in other 
conditions. Most of the studies only demonstrate using vibrotactile feedback under single task 
conditions, but in real life, standing balance is only one component of functional tasks. Haggerty 
et al.[109] examined the effect of vibrotactile feedback during a dual-task paradigm. Ten healthy 
older subjects were recruited in the study. A choice reaction time task was used as a secondary 
cognitive task (see section 2.4.1). The subjects were asked to respond to the stimuli by pushing 
buttons or verbally responding. The results demonstrated reduced sway when the vibrotactile 
feedback was on. The root-mean-square (RMS) of center of pressure was both with and without 
a secondary cognitive task. Decreased sway also found in the dual-task trials without vibrotactile 
feedback. The response times in the choice reaction time task were increased in the trials with 
vibrotactile feedback. They concluded that using vibrotactile feedback is attentionally 
demanding for older adults.[109]      
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Attention is a key element in the human’s postural control. Using dual-task paradigm can 
help us to understand the relationship between attention and postural control. How attention 
affects postural control will be discussed in next section.    
2.4 POSTURAL CONTROL AND DUAL-TASK 
2.4.1 Dual-task methodology 
Postural control was considered an autonomous function in the human body in the early 
1900s.[110, 111] However, recent research has suggested that postural control requires certain 
attentional resources but it varies from condition to condition.[112] The dual-task balance 
paradigm is a way to investigate the role of cognitive (attentional) demands on postural control. 
In the dual-task balance paradigm, subjects are asked to perform a concurrent no-postural 
cognitive task while also performing a balance task.[113] Different approaches to the dual-task 
paradigm have been studied. Some research focuses on different cognitive tasks to understand 
the attentional demands on postural control[114, 115] while others change the level of difficulty 
of the postural task[116-120] to examine the attentional requirements. 
Two major cognitive psychology theories have been used to explain posture-cognition 
outcomes in dual-task paradigms: capacity theory[121] and bottleneck theory.[122] Capacity 
theory states that cognition and postural control share a limited set of resources so that the 
competition between the cognitive task and postural task degrade performance on one of the 
tasks.[123] The bottleneck theory proposes that the nervous system delays operations in one task 
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in order to execute the prioritized task so that there is reduced performance on the non-prioritized 
task.[123] The bottleneck theory is more apparent in visual information processing than auditory 
information processing.[124] There are also a few theories that help to explain the posture-
cognition outcomes. Automaticity describes performing a task with less effort or without 
demanding attention.[125, 126] However, a large amount of practice needs to be achieved before 
automaticity occurs.[127-129]  
 Several cognitive tasks have been used in the dual-task paradigm. The methods can be ce 
classified into different categories according to the characteristics of the cognitive task: counting 
tasks,[130-133] visual reaction time tasks,[118, 134-137] auditory reaction time tasks[36, 116, 
138, 139] or the combination of visual and auditory reaction time tasks.[36, 140] In the counting 
task, counting backward by three or seven is the most common task, starting from a random 
number or a fixed number. Counting backward has been shown to cause significant degradation 
in postural stability in healthy subjects.[45, 133, 141] A visual reaction time task usually 
involves a monitor or cards displaying pictures to the subjects and requires subjects to respond to 
colors, names or a visual and memory task.[135, 136, 142] The Stroop test[143] can also be used 
to evaluate cognitive influences on postural control. The Stroop test uses a different color-word 
display, for example, the word ‘red’ printed in the color blue. The subjects are usually asked to 
say the ‘color’ of the ink. Auditory reaction time tasks use a tone that may vary in frequency or 
other characteristic and require the subjects to respond to the tone as quickly as possible by 
pushing a button. Simple reaction time (RT) tasks, choice RT and inhibition RT tasks[144] are 
the most common methodologies. In the simple RT task, the subjects respond to a single 
stimulus as quickly as possible. In the choice RT task, the subjects respond to one of two 
possible stimuli, for example, by pushing a button when hearing a higher pitched tone with the 
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right hand and a lower pitched tone with the left hand. The inhibition RT task was introduced by 
Logan et al..[144] The inhibition RT task sometimes mixes the visual and auditory stimuli. The 
subjects respond to the visual signal as soon as possible and stop the responses if they hear a 
target tone (“stop” tone) during the trial. The stop signals are presented during 20% of the trials.      
Different postural tasks have been used during the dual-task paradigm to examine the 
attentional requirements. Sitting is considered a lesser a challenge of postural control and usually 
is assessed as a baseline condition. Postural sway during quiet stance is the baseline condition 
when measuring the effect of a secondary task on postural sway. The difficulty level of postural 
tasks can be increased by requiring subjects to stand on a sway-referenced platform or translating 
platform. The translating platform is considered more difficult than a sway-referenced 
platform.[36] Walking and stepping are more complex postural tasks and also can be used to 
examine interference between balance and attention (see section 2.4.4).        
Since Kerr et al.[114] published the first study to investigate the influence of attention on 
standing postural control in young adults, many studies have examined the attentional demands 
of postural control.[35, 120, 145, 146] Aging and disease may alter the attention demands of 
postural control. The following section will describe the influence of aging and disease on the 
dual-task paradigm. 
2.4.2 Dual-task performance in young adults 
When talking about dual-task performance in aging, the study results from young adults are 
usually discussed first. In young adults, conflicting results have been noted. Various studies have  
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demonstrating no difference[114, 115], reduced postural sway[137, 147], increased postural 
sway[133] or variable postural sway depending on the secondary tasks[145] performed.  
While studying the effect of a dual-task paradigm on postural control, several 
confounders that affect the relationship between attention and postural control were found.[115, 
145, 147] Kerr et al.[114] examined the attentional demands of standing in young adults. 
Subjects performed the Brooks spatial and nonspatial memory task while standing. The Brooks 
spatial memory task involved remembering numbers in imagined matrices. The results 
demonstrated that there was no significant difference in postural sway due to the type of memory 
task, but the number of errors increased when the spatial memory task was performed during 
standing. Others have studied the influence of arousal and attention on the control of postural 
sway.[115] Young subjects performed four different secondary cognitive tasks during quiet 
stance. Maki et al.[115] had found that the secondary tasks did not affect postural sway and 
suggested that the confounding influence of arousal should be controlled when studying 
attentional effects. The Stroop test has also been used to examine the effect of secondary 
cognitive tasks on different postural tasks (shoulder width stance, shoulder width stance on a 
rocker board, tandem stance on a rocker board).[137] The results indicated a decrease in postural 
sway in the anterior posterior direction when subjects stood with shoulder width stance on a 
rocker board and performed a secondary cognitive task. Hunter and Hoffman[147] reported that 
young adults reduced postural sway in medial-lateral COP movements while performing a 
secondary task requiring mathematical computation. Visual conditions, looking at a stationary or 
moving digit, were also given in this study. The results showed that the medial-lateral postural 
sway increased in young adults when their eyes needed to track the moving digit . Pellecchia[133] 
examined the effect of the difficulties of different cognitive tasks in quiet standing. Three 
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information processing tasks were used as the secondary cognitive tasks: digit reversal, 
numerical classification and counting backward by three. The digit reversal tasks required the 
subjects to reverse the order of a pair of digits (e.g. 52 to 25). In the numerical classification task, 
the subjects needed to categorize that the given number was more than 50 or less than 50 and odd 
or even. The results showed that postural way increased as the complexities of the cognitive 
tasks increased. Counting backward by three was the most difficult task and the digit reversal 
was the easiest task. Although the form of the secondary cognitive task, arousal, and eye 
movement demonstrated different levels of influences on the postural sway in young adults, it 
was unknown what confounding factor affected the postural control most in young adults.  
Yardley et al.[145] examined the effect of articulatory and secondary cognitive tasks on 
postural control in young subjects. In this study, subjects performed four secondary tasks while 
standing on an unstable surface: counting backward aloud (attention + articulation), counting 
backward silently (attention only), number repetition (articulation only) and no mental task. 
Three different visual conditions (eyes closed, moving visual images and a static visual image) 
were also given during the testing. The results indicated that postural sway increased when 
subjects counted backward aloud and repeated numbers, but not when they counted backward 
silently. They concluded that articulation might affect postural control more than the cognitive 
task due to central interference (speech and balance share the same central resources).  
Despite different results indicating the influence of a secondary cognitive task on postural 
sway in young adults, researchers have agreed that postural control is attentionally demanding in 
young adults, [112, 114, 145]  but the effect may be small.[112] In some cases, young adults 
demonstrate the cognitive first principle in which the postural task has become automatic while 
performing a secondary cognitive task.[137, 148] However, arousal[115], eye movement[147] 
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and articulation[145] should be controlled while studying the effect of cognitive tasks on 
postural control as they can all influence the person’s postural control.    
2.4.3 Dual-task performance in aging  
Aging has been associated with increased postural sway in older adults during the dual-task 
paradigms.[35, 120, 140, 149, 150] Stelmach et al. [35] compared the postural recovery period 
from a voluntary arm swing task in young and older adults during stable and unstable upright 
stance with a cognitive (math task) or a motor task (bimanual grip). They found that older adults 
had increased attentional requirements to recover from postural destabilizing activities. Brown et 
al.[149] investigated postural recovery in young and older adults using counting backwards by 
three as a secondary task on a series of unexpected platform displacements. Older adults required 
more attention than young adults when recovering posture from external perturbations which 
suggests that older adults might increase their risk of falling because of insufficient attentional 
resources for postural recovery.[149]  
Shumway-Cook & Woollacott[120] used six different sensory conditions to test postural 
stability in young and older adults during a dual-task paradigm. The secondary task (auditory 
choice RT) did not affect postural stability in the young group, but the secondary task affected 
postural sway when visual and somatosensory feedback were removed in the older adults. 
Rankin et al.[150]. used electromyography (EMG) to investigate the neuromuscular response 
characteristics on postural muscles (gastrocnemius and tibialis anterior muscles) during stance. 
The onset latencies of the postural muscle responses did not change under the dual-task 
condition, but the amplitude of the postural muscle responses were significantly reduced in older 
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adults compared to young adults. They concluded that the reduction in EMG amplitude might be 
due to less attentional processing capacity for balance control under the dual-task condition. 
 Redfern et al.[140] studied the influence of attention on sensory integration for postural 
control in young and older adults by using different postural tasks (fixed platform, sway-
referenced floor and sway-referenced visual scene) and different RT tasks (auditory simple RT 
and inhibition RT). They hypothesized that sensory integration may affect postural sway during 
dual-task conditions. They suggested that attention is associated with sensory integration and 
aging might affect the sensory integration, attention and information processing.  
Although aging generally is associated with decreasing stability when a secondary 
cognitive task is performed, some studies have provided different opinions.[134, 146] Redfern et 
al.[146] examined postural control during surface perturbations in young and older adults with a 
secondary cognitive task. They asked the subjects to respond to visual and auditory stimuli by 
pushing a button in one hand for measuring reaction time. The results indicated that the reaction 
time was longer for the visual stimulus than the auditory stimulus conditions. F However, there 
was a difference between the young and older group in the COP latency and magnitude. Prado et 
al.[134] asked subjects to perform a secondary visual task for observing behavior and postural 
sway between young and older adults. They found that age did not affect the integration of visual 
information by the postural control system and secondary visual tasks did not necessarily 
increase postural sway in both groups. Although a secondary cognitive task might not affect 
postural sway on young or older adults, the older group showed significantly increased response 
time on the secondary task while performing the balance task.[134, 146]  
The level of difficulty of the postural task also affected reaction times during secondary 
cognitive tasks in older adults.[117-119] Teasdale et al.[117] examined how sensory inputs affect 
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the attentional requirement of postural control in young and older adults. They recorded the 
responses to a simple RT task as the secondary task in sitting, and standing with different 
sensory conditions (Eyes open/closed * Surface normal/foam). They found that reaction time 
was increased from sitting to standing in young and older adult groups and when visual input 
was reduced, but the reaction time increased more in older adults than younger adults. They 
concluded that older adults required more attentional capacity as sensory information was 
reduced. Marsh and Geel[118] studied the attentional requirement of different postural control 
tasks (seated, standing on hard/foam surface with eyes open/closed) in young and older women 
with verbal reaction times in response to an auditory stimulus. They determined that older 
women had slower verbal reaction times than young women and increased verbal reaction time 
more in standing than sitting. However, they did not find any difference in verbal reaction times 
as the difficulty of the postural tasks increased. In the study of Lajoie et al.[119] sitting, standing 
and walking tasks were included to examine the attentional requirements of postural control. An 
auditory RT task was used as the secondary task. They found that the young group had faster 
RTs than the older group among the three different postural tasks.  
The effect of more complex secondary cognitive tasks on postural control has been 
examined by Maylor et al..[151] Five different cognitive tasks were used: (1) random digit 
generation, testing working memory; (2) Brooks’ spatial memory task, testing visual-spatial 
sketch-pad function; (3) backward digit recall, testing phonological loop; (4) silent counting, 
testing phonological loop; and (5) counting backward in threes, testing the phonological store of 
the phonological loop. The young group had more stable performance than the older group in the 
above five conditions. However, the Brooks’ spatial memory task and backward digit recall tasks 
significantly enhanced the age-related difference in postural stability. Maylor et al. suggested 
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that the increasing difference between the young and older group in postural stability in the 
Brooks’ spatial memory task and backward digit recall might be due to the interference of 
sensory integration.[151]  
Since aging shows a significant effect on dual-task performance, the study results 
indicated that older adults increased the attentional requirements on postural control[35, 117-
120, 140, 149, 150]. Woollacott & Shumway-Cook[112] concluded that older adults require 
more attention when performing a secondary task and have more deleterious effects on postural 
control compared to young adults. Generally speaking, dual-task performance in aging people 
demonstrated increasing reaction time and the influence of secondary task on postural sway may 
depend on the difficulty level of the secondary task. The change in performance on the postural 
sway may be associated with the sensory integration process. The effect of a dual-task paradigm 
in walking will be discussed in next section.  
2.4.4 Dual-task performance during gait    
Besides using dual-task paradigms in static postural control, the dual-task paradigm also has 
been used with walking to assess the relationship between attention and dynamic postural 
control. Performing a secondary cognitive task affects young adults more than older adults when 
walking.[119, 152, 153] These reports showed increased reaction times or slowing of gait speed. 
However, no gait pattern change was observed.[119, 152, 153] Lajoie et al.[119] reported that 
although the auditory reaction time task did not affect the gait parameters, older adults required 
greater attentional resources in standing and walking. Ebersbach et al.[152] examined the effect 
of dual-task performance on gait in young adults. They found that the secondary task did not 
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necessarily change the gait parameters in young adults. Chen et al.[153] investigated the ability 
of older adults to avoid obstacles while performing two different secondary cognitive tasks. The 
results showed that older adults had longer reaction times than young adults and that the error 
rate increased when they performed a complex cognitive task. The older adults also 
demonstrated an inability to avoid obstacles and increasing the risk of falling. The relationship 
between falling and dual-task performance will be discussed in the section 2.4.7.    
Most recent studies support the idea that the dual-task performance does not affect gait 
performance in young and older adults.[154-157] Schrodt et al.[154] examined the influence of a 
secondary cognitive task on walking and stepping over an obstacle in community-dwelling older 
adults. They found that gait parameters did not change during dual-task performance. Springer et 
al.[155] used swing time, gait speed and swing time variability in young, older adults and older 
adults with a fall history to study the influence of a secondary cognitive task while walking. 
They found that a dual-task did not affect the swing time during gait, but gait speed was 
decreased during dual-task performance in all three groups. Srygley et al.[156] used a math task 
(serial three’s and seven subtractions) as the cognitive task to test dual-task performance in 
young and older adults while walking. The subjects were asked to perform the cognitive task in 
sitting and walking. They found that older adults had increased reaction times more than young 
adults while sitting and walking. There was no difference when young and older adults recited 
the serial three subtractions in sitting and walking; in contrast, serial 7 subtractions demonstrated 
significant differences between young and older adults. The older adults showed more mistakes 
than young adults in the all cognitive tasks (serial three’s and seven subtractions). Older adults 
had a decreased ability to perform secondary cognitive tasks, especially when the secondary 
cognitive task was sufficiently difficult. Motion analysis has been used to investigate the 
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influence of a secondary cognitive task (counting backwards by three) on walking speed and gait 
parameters of COP displacement, peak lateral force and step width.[157] Cho et al.[157] also 
used planned sidesteps and unplanned sidesteps at the end of walking task. The results 
demonstrated that both groups decreased medial-lateral COP displacement and walking speed 
during the dual-task conditions. Slower gait speed during secondary cognitive tasks was also 
reported in both groups. However, Dubost et al.[158] reported that dual-tasks increased stride 
time variability in older healthy adults when a verbal fluency task (enumerating animal names in 
rhythm) was used as the secondary cognitive task. They concluded that increased stride time 
variability was related to the verbal fluency task and suggested higher cortical regions were 
involved when performing a rhythmic secondary cognitive task in older adults. Brach et al.[159] 
have suggested that increasing gait variability is associated with falls in older persons.  A study 
by Doi et al.[160] used a triaxial accelerometer to measure gait performance under dual-task 
conditions. Changes of gait parameters associated with performing the dual-task were noted. 
They further used MRI to study the relationship between brain atrophy and the changes of gait 
parameters during dual-task performance. The results supported the idea of attentional 
requirements in gait and also suggested that brain atrophy might be related to the changes of gait 
performance in dual-task conditions.  
The most recent evidence from dual-task studies firmly supports that gait is not simply an 
automated motor activity, but also involves higher-level cognitive function.[160-162] Executive 
function (EF) and attention are considered as higher-level cognitive functions. Executive 
function can be divided into different components: volition, self-awareness, planning, response 
inhibition, response monitoring and attention/dual-tasking[163-165]. If executive function 
function is impaired, one’s ability to perform dual-tasks in walking will decline remarkably.[156] 
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Therefore, he/she will experience falls more frequently.[156] The next section will discuss using 
dual-task paradigms to predict falls.              
2.4.5 Dual-tasking and falls prevention 
Falling is a common problem in older adults.[166] The decline of dual-task performance has 
been associated with falls in the elderly.[167-170] Lundin-Olsson et al.[167] observed that some 
elderly people stop walking when they talk in long term care facilities. They proposed that “stops 
walking when talking” might be used to predict falls. In their study, they found that the sign of 
“stops walking when talking” had high specificity (95%), but low sensitivity to predict 
falls.[167] This was the first study providing the idea of fall predictions based on dual-task 
performance. Shumway-Cook et al.[168] examined the ability of the Timed Up & Go test to 
predict falls. They compared the time taken to complete the Timed Up & Go test in single and 
dual-task conditions. The Timed Up & Go test in single or dual-task conditions was sensitive and 
specific to identify people who were prone to falls, but performing the secondary task did not 
enhance the ability of Timed Up & Go test to predict falls. Faulkner et al.[169] investigated the 
relationship between people with a history a recurrent falls and dual-task performance. Recurrent 
falls were defined as a history of two or more falls during a 12 month period. They found that 
higher odds ratios of recurrent falls history was associated with elderly people who performed 
worse on a secondary visual-spatial decision task while walking. Beauchet et al.[170] designed a 
twelve-month prospective cohort study to determine the relationship between recurrent falls and 
dual task-related changes in walking speed. Recurrent falls were defined as two or more falls 
during a 12 month follow-up period. They recruited 213 subjects from thirteen senior housing 
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facilities and reported that people with recurrent falls had slower walking speed while counting 
backwards by one. However, several studies found dual-task performance might not be useful 
 to predict falls.[171, 172] A study by Stalenhoef et al.[171] found dual-task performance was 
not predictive of falls (odds ratio=1.5, 95%CI: 0.7-3.3). Another study by Vaillant et al.[172] 
found no difference between women who reported a history of falls and no falls while they 
performed an arithmetic task during the Timed Up & Go test and one-leg-balance test. However, 
a meta-analysis reported that a change in reaction time while performing secondary task was 
significantly associated with prediction of falls among older adults (pooled odds ratio =3.5, 95% 
CI: 3.1-9.1).[173]  
 Beside older adults, people with cognitive impairment have poor dual-task 
performance.[174-176] The poor dual-task performance is also associated with increased risk of 
falls. The next section will discuss dual-task performance in people with cognitive impairment, 
such as Parkinson’s disease and Alzheimer’s disease.          
2.4.6 Dual-task performance in people with cognitive impairment 
People with Parkinson’s disease have reported difficulty in tasks with cognitive effort.[174, 177] 
Several studies have examined dual-task performance in people with Parkinson’s disease.[174-
176, 178-184] Although different methodologies were used in the studies, consistent results were 
reported that a secondary task results in deterioration in gait and balance performance. For 
example, Bloem et al.[181] used The Multiple Tasks Test[185](based on the idea of dual-task 
paradigm) to examine dual-task performance in walking with young, older adults and people 
with Parkinson’s disease. The results demonstrated that people with Parkinson’s disease had 
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more motor errors. They concluded that people with Parkinson’s disease had less prioritization of 
the motor tasks over the cognitive test which suggested a “posture second” strategy in people 
with Parkinson’s disease.[186] Plotnik et al.[187] have reported that dual-task gait performance 
in people with Parkinson’s disease is associated with fall risk.  
 People with Alzheimer’s disease also have cognitive function impairment[188] that is 
associated with posture and gait disturbance.[189] People with Alzheimer’s disease 
demonstrated decreased ability to perform motor tasks during dual-task conditions.[162, 190, 
191] Camicioli et al.[191] reported that walking speed in people with Alzheimer’s disease was 
significantly decreased more than healthy older adults when performing a secondary cognitive 
task. They suggested that the inability to perform talking while walking contributes to the risk of 
falls in people with Alzheimer’s, which has been confirmed in recent studies.[162, 190]  
 People with bilateral vestibular disorders also experience falls frequently.[192] People 
with vestibular disorders also report cognitive problems, such as attention deficit and short-term 
memory loss.[193] Since the dual-task paradigm is used to examine the relationship between 
cognition and motor/balance performance, the following section will discuss the interaction 
between a secondary cognitive task and motor/balance performance in people with vestibular 
disorders.   
2.4.7 Dual-task performance in persons with vestibular disorders 
Persons with vestibular disorders usually report fatigue and poor concentration[194, 195] and 
recent evidence reveals that cognitive-vestibular interaction exists.[193, 196] Smith et al.[196] 
searched the evidence from MRI, animal studies and dual-task studies and suggested that people 
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with vestibular disorders are more likely to experience cognitive problems. Hanes and 
McCollum[193] reviewed the evidence from dual-task studies and physiology studies to support 
this interaction.  
Balance problems are a critical issue in people with vestibular disorders. Dual-task 
studies reveal the interaction between balance control and cognitive function in people with 
vestibular disorders.[36, 38-40, 197, 198] Andersson et al.[38] studied the influence of a 
visuospatial cognitive task on healthy control subjects and people with peripheral vestibular 
dysfunction when performing computerized dynamic posturography in conditions 4 and 5 
(condition 4: EO/sway-referenced platform; condition 5: EC/ sway-referenced platform). The 
results showed that the cognitive task performance was not different between healthy control 
subjects and people with peripheral vestibular dysfunction. However, cognitive task performance 
in standing with eyes closed was worse than in sitting in people with peripheral vestibular 
dysfunction. The balance results demonstrated that people with peripheral vestibular dysfunction 
had significantly greater postural sway than healthy controls due to cognitive task performance. 
However, no difference was found between the dual-task and single-task in equilibrium scores. 
Interestingly, the mean equilibrium scores in people with peripheral vestibular dysfunction were 
slightly better when performing a secondary cognitive task, but people with peripheral vestibular 
dysfunction exhibited more falls during balance test conditions. Due to the increasing scores on 
the mean equilibrium scores in people with peripheral vestibular dysfunction, Andersson et al. 
suggested that the secondary cognitive task might affect balance in varied ways in people with 
peripheral vestibular dysfunction. They also suggested that further study should examine the 
effect of different distracters on postural control in people with peripheral vestibular dysfunction, 
such as using auditory stimulation or changing the level of difficulty in the secondary cognitive 
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task. Yardley et al.[40] further investigated the influence of different levels of difficulty in a 
secondary cognitive task on postural control in people with and without vestibular disorders. A 
simple speed discrimination task was used as the low load cognitive task. In the spatial task, the 
subjects needed to push the lower or upper button when hearing sounds in a different ear. In the 
non-spatial task, the subjects needed to push the lower or upper button when hearing different 
sounds (tone or buzz). Categorization of a numerical stimulus was used as high load cognitive 
task. This task was further divided into spatial and non-spatial tasks. In the spatial task, the 
subjects pressed the upper button if they noticed that the time on an analog clock was the same as 
a set of numbers which represented a time they heard. In the non-spatial task, the subjects 
pressed the upper button if they heard two even or odd numbers, and the lower button if they 
heard one even and one odd number. Sitting, standing with eyes closed on a stable platform and 
a sway-referenced platform were used as balance tasks. The results demonstrated that a low or 
high load secondary cognitive task did not affect postural sway in both controls and people with 
vestibular disorders, but it did affect reaction time. When the balancing task became difficult, 
reaction times increased and accuracy declined. The people with vestibular disorders showed a 
longer reaction time than controls on the spatial task compared to non-spatial task. Redfern et 
al.[36] examined the role of attentional processes on people with well-compensated vestibular 
impairments and healthy controls. Well-compensated was defined as no symptoms of dizziness 
or definable postural deficits. Simple reaction time, choice reaction time and inhibitory reaction 
time were used as the secondary cognitive task in different balancing conditions (seated, fixed, 
sway-referenced, and translating the floor). They found that reaction time and postural sway 
were increased when the postural task became challenging in both groups, but no significance in 
postural sway difference was evident between groups. However, people with well-compensated 
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vestibular impairments had slower reaction times than healthy controls under all conditions, 
especially in choice and inhibitory reaction time tasks. They suggested that the information 
processing of people with well-compensated vestibular impairments was different compared with 
the healthy controls. This difference might be at the sensory integration level when the people 
with compensated vestibular impairments try to orient to multiple sensory signals. 
Dual-task interference not only occurs in static balance, but also affects gait in people 
with vestibular disorders. Nascimbeni et al.[132] had studied dual-task interference during gait in 
people with unilateral vestibular disorders and healthy controls. Counting backward by three was 
used as the secondary cognitive task while walking at a self-selected speed. The results showed 
that there was no difference between gait parameters between the groups in single or dual task 
performance, but within-subject differences were found. People with unilateral vestibular 
disorders also demonstrated worse performance on a secondary cognitive task. They concluded 
that people with unilateral vestibular disorders put the motor task as the first priority which led to 
the decrease of cognitive performance during gait. Roberts et al.[198] investigated the effect of 
dual task performance on a linear walking task in subjects with and without vestibular disorders. 
Four walking conditions and two visual conditions were performed during the test: (1) walking 
in a straight line (2) a naming task while walking (3) nodding while walking (4) nodding and 
naming while walking with eyes open or closed. People with vestibular disorders had greater 
difficulty walking straight compared with healthy subjects and veering increased with the 
additional cognitive task. The visual condition also influenced the performance in all the testing 
conditions (eyes closed was worse than eyes open).                
Dual-task performance reveals that people with vestibular disorders demonstrate some 
deficits in components of executive function, such as attention and inhibition. Although people 
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with vestibular disorders may improve their inhibitory function after 6 weeks of vestibular 
therapy,[199] the evidence indicated that information processing is quite different than 
normal.[36] Understanding the mechanisms of information processing in people with vestibular 
disorders will help to improve the care of people with vestibular disorders. However, more 
research is needed to investigate the relationship of cognition and movement in people with 
vestibular disorders.        
2.4.8 Dual-tasking and clinical applications 
The decline of dual-task performance has been associated with falls in the elderly.[169, 170] 
Thus, improving the ability to perform dual-task conditions may be needed. Several studies have 
investigated the effect of dual-task training in older adults and older persons with balance 
impairment.[200-203] Silsupadol et al.[200] conducted a randomized controlled trial in older 
adults with balance impairment. The participants were divided into three groups: single-task 
balance training, dual-task balance training with fixed-priority instructions group and dual-task 
balance training with variable-priority instructions group. Forty-five minute individualized 
training sessions, three times a week for four weeks were provided to all three groups. Walking 
speed and Berg Balance Scale scores were improved in all the groups. When the participants 
were asked to perform a secondary cognitive task in walking, only participants who received 
dual-task training significantly improved gait speed. However, only the dual-task balance 
training with the variable-priority instructions group maintained the training effect up to twelve 
weeks follow-up. They concluded that single-task balance training may not generalize to the 
dual-task condition and dual-task training with variable-priority instructions helps to maintain 
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the skill during training. Another similar study was conducted by Silsupadol et al.[201] to 
examine the generalizability of the dual-task balance training effect to the novel dual-task 
balance condition. Although similar results were shown as the previous study, the dual-task 
balance training effect did not transfer to a novel dual-task condition. Li et al.[202] studied the 
effect of cognitive dual-task training (no balance) on balance performance on healthy older 
adults. Four sessions of cognitive dual-task training (visual tasks) were provided to the 
experimental group. Reaction time improved and body sway parameters decreased compared to 
controls were noted. The improvement of executive control might lead to improvements of motor 
control. Hiyamizu et al.[203] used the chair stand test, functional reach test, the Timed Up and 
Go test and the Trail Making test to evaluate the effect of dual-task balance training. No 
differences were found in these tests, but the performance of the Stroop task was improved.  
A few studies demonstrated that dual-task balance training improves dual-task 
performance[200, 201, 203] and postural sway.[202] Although a study by Li et al.[202] showed 
the transfer effect from the cognitive dual-task (no balance) to motor performance, it is still 
unclear how the improvement of cognitive performance enhance motor performance.   
 The literature validated the use of vibrotactile feedback to help balance control in older 
adults and people with vestibular disorders. [30-33, 97, 105, 203] However, sample sizes were 
small and sensory integration for balance control was rarely considered in the previous studies. 
Furthermore, balance control in daily life is not a single task condition. Balance control also 
needs to compromise other attention attractions. Dual-task paradigms help us to understand the 
relationship between balance control and attention in more complex circumstances. The literature 
reviews shows that dual-task performance degraded with aging. [36, 120] People with balance 
deficits require more attention for postural control.[36, 120] The use of vibrotactile feedback also 
33 
 
needs attention in order to use the external information.[109] It is still unknown how the brain 
integratse the sensory information from external resource (vibrotactile feedback) and inner 
resource (vision, somatosensory, and vestibular system) to help balance control. Moreover, it is 
also unclear how the use of vibrotactile feedback information affects secondary cognitive task 
performance during the sensory integration standing balance conditions. Studies are needed to 
investigate these questions.     
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3.0  SPECIFIC AIMS 
This dissertation will examine how well vibrotactile feedback can be used to enhance balance 
control when subjects perform sensory organization balance tasks with a secondary auditory 
choice reaction time task. The aims of this dissertation will be achieved by comparing healthy 
young and older adults, and people with unilateral vestibular hypofunction via a two-visit 
repeated-measures design.  
3.1 SPECIFIC AIM 1  
3.1.1 Rationale  
It has been shown that vibrotactile feedback reduces postural sway during sensory integration 
tasks, such as in sway-referenced floor conditions and sway-referenced vision and floor 
conditions. It also been shown that the performance on a secondary information processing task 
is degraded when the sensory integration task becomes more difficult. Furthermore, there 
appears to be an aging effect on dual-task performance, such that the choice reaction time is 
slower in older adults compared with young adults. It is not known whether the ability to use 
vibrotactile feedback is different between older and young adults, in particular, during the 
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performance of a sensory integration task when sensory feedback may be degraded. Furthermore, 
the influence of a secondary information processing task on the ability to use VTF has not been 
assessed in younger adults.  
3.1.2 Specific Aim   
The first aim of this dissertation is to evaluate the effect of vibrotactile feedback (VTF) use 
during different sensory integration conditions (Condition: Fixed platform (Fixed)/ Eyes open 
(EO), Fixed/ Eyes open in the dark (EOD), Sway-referenced platform (SR)/ EO, and SR/EOD) 
and choice reaction time tasks (CRT: none/auditory choice reaction time task) on postural sway 
and reaction times in healthy young and older subjects.   
3.1.3 Research Question & Hypothesis 1  
Question 1.1: Is there an aging effect on the postural sway measure, reaction time and the 
time in the neutral zone? 
 Hypothesis 1.1: Older adults will have greater postural sway, increased reaction time and 
less percentage of time in the neutral zone (within the threshold to activate VTF).   
Question 1.2: Do the main effects of VTF, Sensory Conditions and CRT affect postural 
sway, reaction time and the percentage of time in the neutral zone?  
Hypothesis 1.2: There will be greater sway, increased reaction time and less percentage 
of time in the neutral zone with an absence of VTF, during difficult sensory integration 
conditions or the presence of the CRT task.  
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Question 1.3: Is there an interaction between aging and CRT tasks on postural sway 
magnitude?  
Hypothesis 1.3: There will be a significant interaction which will be demonstrated by a 
greater increase in postural sway in older adults compared with young adults when performing 
the CRT tasks compared with not performing the CRT tasks.    
Question 1.4: Is there an interaction between aging and the presence of VTF on postural 
sway? 
Hypothesis 1.4:  There will be a significant interaction which will be demonstrated by a 
greater decrease in postural sway in young adults compared with older adults when the VTF is 
used. 
Question 1.5: Is there an interaction between aging and VTF on reaction time? 
Hypothesis 1.5: There will be a significant interaction which will be demonstrated by a 
greater increase in reaction time in older adults compared with young adults when VTF is used. 
Question 1.6: Is there an interaction between aging and visit on reaction time? 
Hypothesis 1.6: There will be a significant interaction which will be demonstrated by a 
greater decrease in reaction time in young adults compared with older adults on the second visit. 
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3.2 SPECIFIC AIM 2 
3.2.1 Rationale  
It has been shown that vibrotactile feedback reduces postural sway during sensory integration 
tasks in persons with vestibular disorders, such as in sway-referenced floor conditions and sway-
referenced vision and floor condition. It also been shown that the performance on a secondary 
information processing task is degraded when the sensory integration task becomes more 
difficult. Furthermore, there appears to be a disease effect on the dual-task performance, such 
that the choice reaction time is slower in people with unilateral vestibular disorder compared 
with healthy adults. It is not known if people with a vestibular disorder have a different ability to 
use vibrotactile feedback than healthy adults, in particular during the performance of sensory 
integration task when sensory feedback may be degraded. Furthermore, the influence of a 
secondary information processing task on this ability has not been assessed in people with 
unilateral vestibular disorder. 
3.2.2 Specific Aim   
The second aim of this dissertation is to evaluate the effect of vibrotactile feedback (VTF) use 
during different sensory integration conditions (Condition: Fixed/EO, Fixed/EOD, SR/EO, and 
SR/EOD) and choice reaction time tasks (CRT: none/auditory choice reaction time task) on 
postural sway and reaction times in people with unilateral vestibular hypofunction and age-
matched controls.   
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3.2.3 Research Question & Hypothesis 2 
Question 2.1: Is there a disease effect on the postural sway measure, reaction time and the 
percentage of time in the neutral zone? 
 Hypothesis 2.1: People with unilateral vestibular hypofunction will have greater postural 
sway, increased reaction time and less percentage of time in the neutral zone.   
Question 2.2: Do the main effects of VTF, Conditions and CRT affect the postural sway, 
reaction time and the percentage of time in the neutral zone in people with unilateral vestibular 
hypofunction?  
Hypothesis 2.2: There will be greater sway, increased reaction time and less percentage 
of time in the neutral zone with the absent of VTF or the present of CRT task, or during difficult 
sensory integration conditions in people with unilateral vestibular hypofunction.  
Question 2.3 Is there an interaction between VTF and sensory integration condition in 
people with unilateral vestibular hypofunction? 
Hypothesis 2.3 There will be a significant interaction which will be demonstrated by a 
greater decrease in postural sway in people with unilateral vestibular hypofunction in the 
presence of VTF during difficult sensory integration conditions.   
Question 1.5: Is there an interaction between disease group and VTF on reaction time? 
Hypothesis 1.5: There will be a significant interaction which will be demonstrated by a 
greater increase in reaction time in people with unilateral vestibular hypofunction compared with 
age-matched controls when VTF is used. 
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4.0  METHODS 
4.1 STUDY SUBJECTS 
4.1.1 Healthy Subjects 
All the procedures, including the screening visit and two experimental visits, were performed at 
the Eye and Ear Institute, UPMC, Pittsburgh. Each visit lasted one and a half hours to 
accomplish all the testing procedures.  
 The inclusion criteria for the healthy subjects were:  18-40 or 65-85 years of age who 
could stand at least 60 minutes with multiple breaks. The exclusion criteria for healthy subjects 
included any neurological or orthopedic disorders; known pregnancy; knee or hip replacement; 
failure on the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS), 
[204] Dynamic Gait Index scores less than 19,[205] Functional Gait Assessment scores less than 
22[206] and impaired sensation with monofilament testing (0.07g)[207], hearing or vision testing; 
and body types too large/small for our equipment (over 250 pounds; under 5 feet; over 6 feet 3 
inches; or >35 Body mass index (BMI)). 
 Forty healthy subjects (twenty young, twenty older) were recruited by word of mouth, 
advertisement placement and enrolling subjects from previous studies who had given us 
permission to contact them. The posters and flyers for this study were distributed to potential 
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subjects according to the procedures established in the approved protocol. In response to the 
advertisement materials, potential subjects were screened by the phone screening script 
(Appendix A). During the phone interview the subject was informed of the requirements and the 
purpose of the study and was asked medical questions regarding their general health condition. 
Once the subject met the initial criteria for participating in this study, an appointment date and 
time was set to meet with the principal investigator (PI). In the consent process, the potential 
subject read the informed consent form and more details about the study procedures were given. 
No screening procedure was performed before the subject signed the consent form.  
The first visit was a screening visit in order to ascertain the subject’s qualifications by 
passing the clinical tests and neuropsychological examination. A brief introduction and practice 
with the vibrotactile feedback and information processing task was included in the first visit. The 
second and third visits focused on the experimental procedures that required subjects to perform 
a standing balance sensory integration task concurrently with an information processing task 
while utilizing vibrotactile feedback.   
 
4.1.2 Subjects with Unilateral Vestibular Hypofunction 
Thirty subjects with unilateral vestibular hypofunction were recruited from the Department Of 
Otolaryngology, University of Pittsburgh Medical Center, Jordan Center for Balance Disorder. 
Unilateral vestibular hypofunction was confirmed by caloric, rotational, and vestibular evoked 
myogenic potential testing. 
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The inclusion criteria for people with unilateral vestibular hypofunction included persons 
from 18-40 or 65-85 years of age who could stand at least 60 minutes with breaks and had been 
diagnosed with unilateral vestibular hypofunction by an otologist or neurotologist. The exclusion 
criteria for people with vestibular hypofunction included individuals who had a combination of 
an acute vestibular deficit with another condition, such as benign paroxysmal positional vertigo, 
an orthopedic or neurological disorder, or body types too big/small for our equipment (over 250 
pounds; under 5 feet; over 6 feet 3 inches ;or >35 BMI).  
 A short interview was done in order to obtain informed consent. The purpose of this 
study and the brief experimental procedure was explained to the potential subject during the 
short interview. If the subject agreed, a formal consent process was conducted. In the consent 
process, the potential subject read the informed consent form and more details about the study 
procedures were given.  
The first visit was a screening visit in order to acquire the subject’s basic data. A brief 
introduction and practice with the vibrotactile feedback and information processing task was 
included in the first visit. The second and third visit focused on the experimental procedures that 
require subjects to perform a standing balance sensory integration task concurrently with an 
information processing task while utilizing vibrotactile feedback.   
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4.2 INSTRUMENTATION 
4.2.1 Posture Platform 
A computerized dynamic posturography platform (Equitest; Neurocom, Inc.) measured center of 
pressure and also provided sway-referencing about the ankle joint by rotation in the sagittal plane. 
The posturography platform contained the platform base and computer components. The 
platform base contained a dual forceplate, force transducers, servomotors, force transducer 
amplifiers, visual surround servo controls, the platform-computer interface and associated power 
supplies. The dual forceplate consisted of two 23 x 46 cm footplates connected by a pin joint. 
The two forceplates are supported by four force transducers. A fifth transducer which is used to 
measure shear force is located beneath the pin joint. The computer contains software to control 
the test, acquire and store data, and gave servo commands. The sampling frequency of the center 
of pressure was 100Hz. The saggittal plane platform rotation to accomplish sway-referencing 
was modeled using the anterior-posterior center of pressure signal. Sway-referencing outputs an 
angle of rotation that attempts to keep the ankle angle approximately 90 degrees so that the body 
is aligned perpendicular to the support surface.   
4.2.2 Information Processing Task 
A custom program (Labview) provided the simple reaction time task and information processing 
task (auditory choice reaction time). The auditory simple reaction time (SRT) stimulus consisted 
of a 980Hz tone played at 80 dB for 250ms and randomly repeated every 2 to 6 seconds during a 
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2 minute period. The auditory choice reaction time (CRT) stimuli consisted of a 560 Hz and 
980Hz tone played at 80dB for 250ms and randomly repeated every 2 to 6 seconds during a 2 
minute period. The simple reaction time task and choice reaction time task were transmitted 
through a set of earplugs (E·A·RTONE®). One of two hand-held microswitch buttons was 
pressed by the subject when they heard the high or low pitch tone. The sampling frequency was 
1000 Hz.  
4.2.3 The Vibrotactile Feedback System 
The vibrotactile feedback system that we use in our laboratory was developed by Dr. Sienko the 
Mechanical and Biomedical Engineering Departments at the University of Michigan. The design 
concept is the same as the Wall prototype[32, 97], but small changes were made for financial and 
technological reasons. The three major components of the modified vibrotactile feedback system 
are the body tilt sensor component, vibrotactor array component and control unit component 
(computer and program). The vibrotactile feedback system will be described below.  
4.2.3.1 Body Tilt Sensor 
The modified vibrotactile feedback system uses a sensor (Xsens Technologies B.V., Enschede, 
The Netherlands; MTx-28A53G25), consisting of a 3-axis linear accelerometer, a gyroscope and 
a 3-axis magnetometer and is packaged in a 74.008 cm3 case (W x L x H: 5.8 x 5.8 x 2.2 cm). 
Power consumption is 350 mW.  The total weight is 50 g. The full scale of the 3-axis linear 
accelerometer is ±50 m/s2 over a 0-30 Hz bandwidth. The noise of the 3-axis linear 
accelerometer is 0.009 m/s2 in the static condition. The full scale of the rate gyro is 1200 
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degrees/s over a 0-40 Hz bandwidth. The noise of the rate gyro is 0.006 radius/s in the static 
condition. The full scale of the magnetometer is 5 a.u. over a 0-10 Hz bandwidth.  The noise of 
the magnetometer is 0.001 arbitrary units (a.u.: means normalized to earth field strength). The 
orientation of the sensor is computed by a Xsens Kalman Filter (XKF) which used the signals 
from the 3- axis accelerometer, gyroscope and 3-axis magnetometer for 3 degrees-of-freedom 
orientation (roll, pitch and yaw), called the XKF-3 algorithm. The measured sensor orientation 
output yields 0.05 degrees angular resolution over a 0-40 Hz bandwidth. Static accuracy is 0.5 
degrees in the direction of roll/pitch. The sensor was placed at the level of L4~L5to mimic the 
movement of COP.  
The XKF-3 algorithm uses the acceleration of gravity to stabilize inclination (i.e. roll and 
pitch combination, known as “attitude”) and the Earth magnetic field to stabilize heading (Yaw) 
in order to compute the orientation of the sensor. The algorithm assumes the average acceleration 
of an object is zero so that the gravity acceleration can be used to stabilize the attitude. The local 
(Earth) magnetic field is used to stabilize heading. However, in different applications, the 
characteristics of the acceleration or magnetic field are different. Several XKF-3 scenarios are 
used for different applications to avoid incorrect output of the sensor orientation. (Figure 3)  The 
“Human” scenario is used in our study because this scenario deals with the slower movements 
and the magnetic disturbance taken into account for an indoor environment for the calibration of 
sensor orientation.  
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Figure 3. Different Xsens Kalman Filter-3 Scenarios for Various Testing Conditions 
 
In order to test the reliability of the inertial sensor (Xsens Technologies B.V.), a typical 
session of data collection was simulated, consisting of 20 trials, each lasting for 2 minutes. The 
sensor reliability was tested by attaching the sensor onto a static tripod, in the same orientation as 
it would be placed on the subject.(Figure 4) Before running the vibrotactile feedback (VTF) 
program, the sensor was initialized by starting the Xsens MT management software and selecting 
the extended Kalman filter (XKF) filtering option in the range of human accelerations (XKF-3 
4.10 Human) scenario. Before starting to collect the data, a period of thirty minutes was used for 
equipment warm-up. Data was collected on two different days, one session on each day, twenty 
trials for the session, and two minutes for each trial (similar to the experimental design). The 
VTF software outputs measured pitch and roll position, the measured pitch and roll velocity, and 
the computed pitch and roll control signals that are used to activate the tactors. In this version of 
the VTF software, the control signal computation utilizes a digital Butterworth lowpass filter (2nd 
order, cutoff frequency 2 Hz) to reduce the noise in the measured position and velocity signals. 
The pitch and roll control signals were defined as position + 0.5 * velocity in pitch and roll 
direction. Ideally, the sensory should read zero for the control signals. Customized code in 
Matlab (Matlab® V7.12.0.635 R2001a) was used to analyze the data from the output of 
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vibrotactile feedback program. For each of the six signals of interest (i.e. pitch and roll position, 
pitch and roll velocity, and control signal), the maximum, minimum, range, and root-mean-
square (RMS) were calculated. These values were compared to the threshold of activation for the 
tactors, which is 1.5 degrees in the anterior direction, 0.5 degrees in the posterior direction, and 
0.5 degrees in the both right and left lateral directions. 
 
 
 
 
 
 
 
 
                                         Figure 4. Sensor Reliability Test Setting 
A test of reliability for the sensor was done in two different days. The data of pitch and 
roll signals summarized in Table 1. Generally, the raw pitch and roll position data were below 
the threshold setting. However, the range of pitch position in day 1 and day 2 were increasing 
with trial number. Due to the lowpass filtering of the signals, the computed control signals were 
below the activation threshold during most of the trials, and the average RMS of the control 
signals was less than 0.14 deg. However, two trials on day 1 and one trial on day 2 had instances 
of more than the 0.5 degrees threshold of posterior sway (i.e. minimum pitch control signal). One 
trial on day 1 and one trial on day 2   had instances of more than the 0.5 degrees threshold of left 
lateral sway (i.e. minimum roll control signal). The time that the tactors would have been 
activated during these instances is 0.24, 0.07 and 0.15 seconds in the posterior sway direction, 
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and 0.02 and 1.13 seconds (1.13 = 0.12+0.17+0.03+0.24+0.17+0.23+0.17 separately in one trial) 
in the left lateral sway direction. The cumulative sum of the tactor activations represents 
approximately 0.03% of the time that data were collected. 
Table 1. Sensor Reliability Test: The values of the pitch and roll signals were recorded in two different days  
 RANGE OF MAX NUMBER OF TRIALS ABOVE THRESHOLD (MAX) RANGE OF MIN 
NUMBER OF TRIALS 
ABOVE THRESHOLD (MIN) RANGE OF RMS 
PITCH POSITION DAY 1 0.034 ~ 0.407  -0.434 ~ -0.113  0.057 ~ 0.126 
PITCH POSITION DAY 2 0.031 ~ 0.426 -0.382 ~ -0.016 0.062 ~ 0.108 
ROLL POSITION DAY 1 0.123 ~ 0.386 -0.0454 ~ -0.058 0.055 ~ 0.107 
ROLL POSITION DAY 2 0.020 ~ 0.383 -0.388 ~ -0.005 0.065 ~ 0.102 
PITCH VELOCITY DAY 1 0.931 ~ 1.369 -1.638 ~ -1.191 0.308 ~0.317 
PITCH VELOCITY DAY 2 0.926 ~ 1.144 -1.591 ~ -1.245 0.307 ~ 0.315 
ROLL VELOCITY DAY 1 1.124 ~ 1.584 -1.637 ~ -1.324 0.357 ~ 0.369 
ROLL VELOCITY DAY 2 1.165 ~ 1.563 -1.754 ~ - 1.333 0.356 ~ 0.365 
PITCH CONTROL DAY 1 0.077 ~ 0.359 0 -0.574 ~ -0.257 2 0.070 ~ 0.138 
PITCH CONTROL DAY 2 0.093 ~ 0.442 0 -0.530 ~ -0.206 1 0.075 ~ 0.118 
ROLL CONTROL DAY 1 0.131 ~ 0.439 0 -0.503 ~ -0.104 1 0.075 ~ 0.123 
ROLL CONTROL DAY 2 0.048 ~ 0.437 0 -0.612 ~ -0.228 1 0.082 ~ 0.116 
 
 
 
Our results suggest that the tactors in the posterior and left lateral direction might be 
activated due to sensor noise in a small portion of trials. However, the accuracy and precision of 
the sensor during dynamic test is not calibrated here. Moreover, considering the duration of time 
that the signals were over the threshold, it does not affect the results of our study.  
4.2.3.2 Vibrotactor Array 
The C-2 tactor (Engineering Acoustics, Inc, FL, USA) is used to provide the vibration feedback. 
The C-2 tactor can provide a strong, point like sensation. It has a primary response in the 200-
300 Hz range that corresponds to the peak sensitivity of the Pacinian corpuscle (40-250 
Range of Max: the range of maximum values in twenty trials. Range of Min: the range of minimum values in twenty 
trials.  RMS: root-mean-square. Threshold is set as 1.5 degrees in the anterior direction (Max pitch), 0.5 degrees in 
the posterior direction (Min pitch), and 0.5 degrees in the both right and left lateral directions (Max and Min Roll). 
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Hz).[208, 209] The tactor output is 350mA RMS (max) at 250 Hz. The C-2 tactor is 3cm 
diameter by 0.8cm in height with total weight of 17 grams. The tactors are arranged in pairs (1 
pair anterior, 1 pair posterior, 1 pair left and 1 pair right) in a vertical orientation, two-by-four 
arrays. A wide elastic fabric belt (Neoprene, Alpha Medical L.L.C.) is used to fix the tactors 
around the waist. The anterior pair was placed 5 cm above and below the umbilicus. The 
posterior pair was placed 5 cm above and below the L5 spinal process. The right and left pairs 
were placed 5 cm above and below the right and left iliac crest.  
4.2.3.3 Control Unit (Computer and program) 
There are two parts of the control unit. One is the tactor control system (Engineering Acoustics, 
Inc, FL) (Figure 6) and another part is a custom-made software program. The tactor control 
system is capable of operating up to eight C-2 tactors. This tactor control system is connected to 
the computer via USB for communicating with the custom-made program.  
 
                                                   Figure 5. The Tactor Control Unit 
The custom-made program was coded in Visual C++ 6.0 (Microsoft).  The program 
collects the processed data (sensor orientation) from the sensor and computes the sway position 
and velocity to determine the direction, location and activation of the C-2 tactors.  
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The C++ program collects quaternion data (output definition: DATA = (q0,q1,q2,q3) ) 
from the sensor and converts it to Euler-angles orientation data by using the following equations: 
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Anterior-posterior trunk sway position and velocity were determined from the pitch values and 
medial-lateral trunk sway position and velocity were determined from the roll values. A 2nd order 
Butterworth low-pass filter with a cutoff frequency of 10 Hz was used to filter position and 
velocity values to eliminate the high frequency noise.[97] The thresholds for activation of the 
tactors was set to1.5 degrees anterior, 0.5 degrees posterior, 0.5 degrees mediolateral  in the 
bottom row and 3 degrees anterior, 1.5 degrees posterior, 1.5 degrees mediolateral in the top row. 
Two methods were used to determine the activation of a tactor: anterior-posterior trunk angular 
position only or trunk angular position plus velocity. In the position only mode, the tactors were 
activated by the pitch and roll values. For example, if a subject is tilting forward more than 1.5 
degrees, the tactor in the bottom front row will vibrate. In the position plus velocity mode, the 
activation of tactors is produced by the sum of the position value plus 0.5 times the velocity. It 
means that the bottom row of tactors may vibrate even if the body tilt angle is less than the 
threshold values (1.5 degrees anterior, 0.5 degrees left, right and posterior). The tactor will stop 
vibrating after the trunk position and velocity return back below the threshold (dead zone). After 
the program decides to activate a tactor, a signal will be sent to the tactor controller and the 
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tactor will vibrate to provide the feedback. (Figure 6) The body position + body movement 
velocity mode was used to activate of a tactor in this study. The tactor only activated one column 
at a time by using the nearest tactor activation algorithm.  
 
 
Figure 6. Diagram of the Vibrotactile Feedback System  
 
4.3 PROCEDURES 
4.3.1 Screening visit 
The screening procedures were performed by a physical therapist and a research technician. The 
screening tests included the RBANS, DGI and FGA, visual acuity, monofilament testing, and an 
audiogram. The RBANS is a standardized battery of short tasks that examine five 
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neuropsychological domains including language, attention, visuospatial abilities, immediate and 
delayed memory domains.[204] The DGI and FGA were used to evaluate a subject’s dynamic 
balance. Visual acuity was tested with standard eye charts. Semmes-Weinstein monofilament 
testing was conducted using a series of small plastic filaments of different diameter applied to 
the bottom of the foot to assess tactile sensitivity. An audiogram with a standard pure-tone 
hearing test was used to rule out hearing deficits. After the subject completed all the screening 
tests, the PI will confirm the subject’s eligibility for participating in this study. After the 
subject’s qualification was determined, the purpose of using the vibrotactile feedback device and 
a short period of practice using the vibrotactile feedback was performed.  
During the first visit, the information processing task was practiced. The information 
processing task consisted of two tests: a simple reaction time (SRT) test and choice reaction time 
(CRT) test. The simple reaction time test required the subject to respond to a single tone and 
press the button on his/her dominant hand as quickly as possible. The choice reaction time test 
required the subject to discriminate between a high (980Hz) or low pitch (560Hz) tone as quickly 
as possible and press the corresponding button. If the subject heard a high pitch tone, he/she 
needed to press a button that was held in the dominant hand. If they heard a low pitch tone, 
he/she needed to press a button being held in the non-dominant hand. Pink noise was played in 
the background in all the trials. The sound was delivered by insert earplugs. Two trials of each 
test were performed. 
After the practice of the information processing tasks, the vibrotactile feedback tactors 
and inertial sensor were placed around the subject’s waist using a 22cm wide elastic belt (Alpha 
Medical L.L.C.). The subject was asked to lean his/her body into four directions: forward, 
backward, leftward and rightward. The subject felt a vibrating sensation on the same side of the 
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lean direction. The subject needed to move to the opposite direction once he/she felt the vibration 
in order to stop the vibration. The subject was instructed to keep the vibrotactile tactor quiet so 
that they learned how to use the vibration information to maintain their balance. Five conditions 
which were combinations of the information processing task, balance task and vibrotactile 
feedback were practiced at the end of first visit. Each condition was two minutes long. 
(Appendix A: training protocol flow chart)       
4.3.2 Experimental visit (2nd and 3rd visit) 
The subject wore a polyester T-shirt (Patagonia®) so that every subject had a consistent garment 
under the tactors. Baseline reaction times including SRT and CRT were determined in the sitting 
position. Three trials of each type were performed. The first trial was a practice trial. Pink noise 
was played in the background in either the second or third trial in SRT and CRT tasks. The tones 
of SRT or CRT were delivered once every three to five seconds during a two minute period. 
After completing the baseline measures, the subject stood on a posture platform with the 
vibrotactile feedback system around his/her waist. The tactor placement was described in section 
4.2.3.2. The subject wore a harness for safety and protection. Practice using the vibrotactile 
feedback occurred like in the first visit practice, but the duration of each condition was reduced 
to one minute in order to prevent early onset fatigue of the subjects. The subjects performed the 
CRT task and pressed the corresponding button in response to a high or low pitch tone while 
he/she performed the balance task in the last practice trial. Experimental trials consisted of 
different combinations of conditions including vibrotactile feedback (on or off), information 
processing task (on or off), and the sensory conditions (Fixed platform (Fixed) / Eyes open in the 
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light (EO), Fixed/Eyes open in the dark (EOD), Sway-referenced platform (SR)/EO and 
SR/EOD). The order of the combinations was randomized for each subject. Testing consisted of 
a total of sixteen, 2-minute standing trials. The sixteen conditions are shown in Appendix B. The 
third visit repeated the same testing as the second visit within 1-2 weeks to assess the 
repeatability of the data. The experimental trials were in different random order for the two study 
visit. 
4.3.3 Data analysis  
The dependent variables were postural sway including root-mean square (RMS) trunk tilt and 
RMS center of pressure, reaction time, the percentage of time in the neutral zone. Postural sway 
was recorded in the anterior-posterior (AP) and the medial-lateral (ML) directions at a sampling 
rate of 100Hz. However, we only use AP direction for the analysis because the sway-referencing 
platform only occurs in AP direction. In order to estimate the magnitude of trunk tilt and COP 
movement in the AP movement, the RMS was computed from the trunk tilt and COP data in the 
AP direction as follows: 
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 Reaction times were calculated from the trials having the information processing task. 
Eight trials in each visit contained the RTs. Twenty-five to twenty-nine RTs were in each trial. 
The median of the RTs was calculated when the responses were correct. The first RT response 
was not included in the calculation because the subject usually responded with increased latency. 
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The percentage of time in the neutral zone indicated how long that the composite sway variable 
was inside of the threshold that we set for this study.  
In order to investigate within-trial performance, we divided the 120 seconds of data into 
four periods (Period 1: 1-30 second; Period 2: 31-60 second; Period 3: 61-90 second;  Period 4: 
91-120 second). The data in different visit (Visit) was also compared. The analyses of aims are 
performed using repeated measure analysis of variance for all the dependent variables. A 
significance level of α = 0.05 is used throughout the analysis.   
4.3.3.1 Statistical analysis (Aim 1) 
Aim 1: To evaluate the effect of using vibrotactile feedback during different visit, period and 
sensory integration conditions (Condition: Fixed/EO, Fixed/EOD, SR/EO and SR/EOD) and 
information processing tasks (CRT: none/auditory choice reaction time task) in healthy young 
and older subjects. 
A Mixed-model repeated measures ANOVA with Age group as the between-subjects 
independent variable and VTF, CRT, Condition, Visit and Period as the within-subjects 
independent variable will be used to test the hypotheses of Aim 1. Normality will be tested using 
the Shapiro-Wilk test. If the assumption of normality is violated, a logarithm transformation will 
be used used to normalize the data. The dependent variables are: postural sway measures (RMS 
COP and RMS trunk tilt), reaction time and the percentage of time in the neutral zone.  
In order to test Hypothesis 1.1, The main effect and between-subjects and within-subjects 
factors on postural sway, reaction time and the percentage of time in the neutral zone.  
Hypothesis 1.2: The main effect of aging on postural sway, reaction time and the 
percentage of time in the neutral zone. 
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Dependent variable (DV): postural sway, reaction times and the percentage of time in the 
neutral zone 
Between-subject variable: aging group  
 
Hypothesis 1.3: The main effect of VTF, Condition and CRT affect the postural sway, 
reaction time and the percentage of time in the neutral zone. 
Dependent variable (DV): postural sway, reaction times and the percentage of time in the 
neutral zone 
Within-subject variables (IV): VTF, Condition, and CRT   
 
 Hypothesis 1.4 The interaction between aging and CRT.  
Hypothesis 1.4 The interaction between aging and VTF.  
Dependent variable (DV): postural sway, reaction times and the percentage of time in the 
neutral zone 
Within-subject variables: VTF, Condition, and CRT   
 
4.3.3.2 Statistical analysis (Aim 2) 
Aim 3: To evaluate the effect of VTF under different sensory integration condition, CRT, Period, 
and Visit in people with unilateral vestibular hypofunction and age-matched controls.  
A Mixed-model repeated measures ANOVA with disease group as between-subject 
independent variable and VTF, CRT, Period and Visit as the within-subject independent variable 
was used to test the hypothesis of Aim 2. Normality was test using the Shapiro-Wilk test. If the 
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assumption of normality was violated, logarithm transformation was used to format the data. 
Dependent variables are: postural sway measures (RMS trunk tilt and RMS COP), reaction time 
and the percentage of time in the neutral zone.  
In order to test Hypothesis 2.1 The main effect and between-subjects and within-subjects 
factors on postural sway, reaction time and the percentage of time in the neutral zone.  
 
Hypothesis 2.2: The main effect of disease on postural sway, reaction time and the 
percentage of time in the neutral zone. 
Dependent variable (DV): postural sway, reaction times and the percentage of time in the 
neutral zone 
Between-subject variable (IV): disease group  
 
Hypothesis 2.3: The main effect of VTF, Condition and CRT affect the postural sway, 
reaction time and the percentage of time in the neutral zone. 
Dependent variable (DV): postural sway, reaction times and the percentage of time in the 
neutral zone 
Within-subject variables (IV): VTF, Condition, and CRT   
 
 Hypothesis 2.4 The interaction between aging and CRT.  
Hypothesis 2.4 The interaction between aging and VTF.  
Dependent variable (DV): postural sway, reaction times and the percentage of time in the 
neutral zone 
Within-subject variables: VTF, Condition, and CRT   
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5.0  THE USE OF VIBROTACTILE FEEDBACK DURING DUAL-TASK STANDING 
BALANCE IN OLDER AND YOUNG ADULTS 
5.1 INTRODUCTION 
Postural control is a perceptual-motor process involving the collection and processing of sensory 
information and the execution of appropriate motor responses [210]. Sensory information from 
the visual, somatosensory and vestibular systems contribute to the maintenance of human 
postural control [48, 49]. Age-related declines in visual, somatosensory and vestibular function 
may contribute to an increase in the risk of falling in older adults [6, 56, 75]. Falls in older adults 
not only impact personal health but also affect the person socially and economically [1, 2].    
Various sensory substitution or augmentation devices have been proposed to counter age-
related impairments and to decrease the risk of falls in older adults and people with balance 
deficits [28, 34]. Vibrotactile feedback (VTF) is a type of sensory augmentation that has been 
developed to help people with balance problems [32]. An inertial measurement unit, which is 
used to detect body motion, a processor and a haptic display are typically included in a VTF 
system. Vibration cues are provided as feedback when a person’s trunk or head exceeds a pre-
defined motion-based threshold. Several studies have validated the effect of VTF applied to the 
trunk on reducing postural sway in young healthy subjects and people with vestibular deficits 
[30, 32-34, 41, 42, 97, 99, 211-213].    
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Dual-task paradigms have been used to study the relationship between attention, postural 
control and aging effect. Recent studies have suggested that postural control requires attention, 
and is affected by age-related changes in attention[120, 146]. Older adults demonstrated slower 
reaction times compared to younger adults on a secondary cognitive task during dual-task 
conditions, which indicates an increase in attentional demands in older adults versus young 
adults [120, 134, 140, 146, 149, 150].  
The use of VTF requires attention [109]. Haggerty et al. have examined the use of VTF 
during dual-task conditions in older adults [109]. An auditory choice reaction time task was used 
as the secondary cognitive task and various foot stances were used as postural tasks. Reaction 
times increased during use of VTF while performing a secondary task compared with not using 
VTF, but the VTF was still able to reduce RMS sway [109]. However, how the age-related 
changes in attention would affect the use of a sensory augmentation device such as VTF was not 
studied in Haggerty et al.’s study. Moreover, given the interaction between sensory integration 
and attention, it is not clear how much additional attention is required to process the VTF signal 
during the sensory integration condition.  
An unresolved issue is the duration of time over which VTF is effective at reducing sway. 
It has been proposed that people with balance problems will wear vibrotactile feedback systems 
for the purpose of balance training or as a balance aid. However, there are no studies that 
examine the effect of duration in using VTF. In many of the previous research studies, the 
duration of using VTF was less than a minute [26, 32, 34, 97, 213]. The short duration of the 
testing conditions is not representative of how VTF would be used clinically.  
The purposes of this study were to investigate: 1) balance performance in a dual-task 
paradigm under various sensory conditions while using VTF in different age groups, 2) the dual-
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task performance under different sensory conditions while using VTF in different age groups, 
and 3) the effect of experience on VTF use. We hypothesized that older adults would have more 
difficulty using the feedback for the VTF during dual-task conditions than younger adults and 
that greater experience with VTF would improve postural sway.       
5.2 METHODS 
5.2.1 Subjects 
Twenty healthy young adults (mean age: 24.6, SD 2.4; age range: 19-29 years; 8 males, 12 
female) and twenty healthy older adults (mean age: 75.4 SD 6.0; age range: 65-84 years 10 
males, 10 female) participated. Each subject completed three study visits including one 
screening/training visit plus two experimental visits. The average number of days between the 
two experimental visits for the young group was 6 (SD 3) days and for the older group was 6 
(SD 4) days. Subjects were excluded during screening if they had neurologic or orthopedic 
disorders, or were pregnant. During the screening visit, subjects were excluded if they failed the 
Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) [204], had 
Dynamic Gait Index scores less than 19 [205] or Functional Gait Assessment scores that were 
less than 22 [206]. In addition, those who had impaired sensation with the Semmes-Weinstein 
monofilament test (0.07g) [207],  had abnormal age corrected audiometric function, or had 
binocular visual acuity with corrective lenses worse than 20/40 were excluded. The Institutional 
Review Board at the University of Pittsburgh approved the protocol.  
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5.2.2 Instrumentation     
The VTF system consisted of a belt, an inertial measurement unit (IMU, Xsense Technologies 
B.V., Enschede, The Netherlands), eight vibrating tactors (C-2, Engineering Acoustics Inc., 
Casselberry, FL, USA), and a laptop computer. The belt was wrapped around the subject’s waist 
and two tactors were placed within the belt vertically separated by 5 cm in each of the following 
locations: midline front, midline back, right and left side of the body. The IMU was attached to 
the posterior of the belt at the level of the fourth lumbar vertebra. The IMU detected and 
recorded the subject’s sway position (angular deviation from vertical) and sway velocity (angular 
velocity) in the anterior-posterior (AP) and medial-lateral (ML) directions. Vibrotactile feedback 
was provided when the feedback control signal, equal to the sway position value plus 0.5 times 
the sway velocity [107] exceeded the following thresholds. The threshold of the lower row 
tactors was set to 1.5 anteriorly, 0.5 posteriorly, and 0.5 to the right and left. The threshold of the 
upper row tactors was set to 3 anteriorly, 1.5 posteriorly and 1.5 to right and left. The limits of 
stability are larger in the anterior direction compared to the posterior direction so a larger 
threshold for anterior postural sway was set [97]. “The nearest neighbor” principle was used in 
the feedback algorithm which activated only one tactor at a time by determining which direction 
had the greatest control signal value [97]. Tactor vibrations were at 250 Hz. The subject was 
instructed to stay in the neutral zone (area below threshold for vibration) as much as possible. 
Subjects were barefoot and wore a thin standard shirt so that the tactors could be sensed easily.  
A computerized dynamic posturography platform (EquiTestTM; Neurocom, Inc.) was 
used to record the center of pressure (COP). The EquiTest also provided sway-referencing in the 
sagittal plane about the ankle joints by estimating the body pitch from the AP COP.  
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A secondary attention task was delivered by a customized program (Labview, National 
Instruments) providing an auditory choice reaction time task (CRT). The auditory CRT stimuli 
consisted of 560 Hz and 980 Hz tones transmitted through a set of earphones (E·A·RTONE®). 
The tones were played at 80 dB for 250 millisecond (ms) and repeated every 2 to 6 seconds 
during a 2 minute period. Using one microswitch button in each hand, the subject pressed the 
button in the dominant hand for a high pitch tone and the non-dominant hand for a low pitch 
tone. Twenty-five to twenty-nine stimuli were presented in each trial. The onset of the switch 
activation relative to the stimulus was recorded with a temporal resolution of 1 ms. 
5.2.3 Experimental procedure 
The first visit was used for screening and training the subject. The subject was briefly trained to 
perform the CRT tasks, and how to use the VTF. The VTF training conditions included standing 
on a fixed platform with eyes open in light (Fixed/EO), standing on a fixed platform with eyes 
open in dark (Fixed/EOD), standing on a sway-referenced platform with eyes open with light 
(SR/EO), standing on a sway-referenced platform with eyes open in dark (SR/EOD), and 
standing on a sway-referenced platform with EO while performing the CRT tasks. The subjects 
were instructed to stand comfortably, to move away from vibration and to stay in the neutral 
zone as much as they could. Darkened goggles were used during the EOD condition to minimize 
visual reference cues. Each training condition lasted for 120 seconds. During the experimental 
visits 1 and 2, a short training trial was held before the experimental test. The one-minute 
training trials included one trial of the CRT task and five different sensory balance conditions. 
Then, a total of sixteen two-minute experimental tests were performed, including all 
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combinations of VTF on/off, CRT task on/off, and the sensory conditions (Fixed/EO, 
Fixed/EOD, SR/EO and SR/EOD). The subjects performed the experimental conditions in 
random order during both of the two experimental visits.  
5.2.4 Outcome measures 
The trunk tilt was recorded by the IMU in the AP and ML direction. The COP was also recorded 
by the forceplate in the AP and ML directions. In order to investigate within-trial performance, 
we divided the 120 seconds of data into four periods (Period 1: 1-30 second; Period 2: 31-60 
second; Period 3: 61-90 second;  Period 4: 91-120 second) [214, 215].  The root-mean square 
(RMS) of trunk tilt and RMS COP were computed from the IMU data and forceplate data after 
subtracting the mean value, via a custom Matlab (The MathWorks, Natick, MA) program. 
However, because the sway-referenced platform only moved in the AP direction, ML trunk tilt 
and COP were not included in the data analysis. The IMU data was only recorded during the 
trials with VTF so that the trunk tilt was only recorded in eight out of sixteen trials. The COP 
was recorded during all sixteen trials.  
The percentage of time in the neutral zone was calculated from the IMU data. The 120 
second-trial was divided into four periods. The percentage of time in the neutral zone was 
calculated from the IMU data so that it was calculated only during trails when VTF was used.  
Median reaction times (RTs) were calculated for each of the eight trials with the CRT 
task. The first RT response was not included in the median calculation because the subjects 
usually responded with an increased latency. The median of the RTs was used to assess the 
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influence of VTF, sensory condition and between-visit factors on attention in the young and 
older groups.  
5.2.5 Statistical Analysis 
A repeated measures analysis of variance (ANOVA) was conducted to investigate the aims. A 
secondary analysis showed that while there was an interaction between platform condition and 
vision conditions on the RMS COP, this effect did not appear in any other higher order 
interactions with any of the other factors. Consequently, we used a simpler model using sensory 
condition (Condition) with four levels (fixed/SR platform x EO/EOD) instead of using the 
platform and vision factors. The effect of Age, Period, Visit, CRT and Condition were tested 
with the RMS trunk tilt data and the percentage of time in the neutral zone. The Age, Period, 
visit, VTF, CRT and Condition were tested with the RMS COP. The postural sway data (RMS 
trunk tilt and RMS COP) were logarithmically transformed to meet the assumption of normality 
of a repeated measures ANOVA. A Bonferroni correction was applied if post-hoc analysis was 
needed for the Condition and Period variables. The highest order interactions considered were 
three-way interactions. Similarly, we investigated the effect of Age, Visit, VTF and Condition on 
the median reaction time (RT). All statistical analyses were performed using IBM® SPSS® 
Statistics, Release Version 19 (IBM, Armonk, NY). A significance level of α = 0.05 was used. 
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5.3 RESULTS 
5.3.1 Postural Sway 
The repeated measures ANOVA revealed numerous significant main effects and interactions on 
RMS COP (Table 2) and RMS trunk tilt (Table 3). Significant main effects included Age, 
Condition, Period and Visit on RMS COP and RMS trunk tilt. Our baseline showed that older 
adults had approximately 34% greater RMS COP than younger adults while VTF was off (p < 
0.001), and 38% greater RMS COP than younger adults while CRT was off (p < 0.001).  Over all 
conditions, older adults had approximately 33% greater RMS COP and 58% greater RMS trunk 
tilt than younger adults (p < 0.001). The sensory condition had a dramatic effect on the 
magnitude of RMS COP and RMS trunk tilt, increasing by more than a factor of three from the 
Fixed/EO condition to the SR/EOD condition. A significant Period effect was observed, which 
was due to greater RMS COP in the initial 30 seconds compared to the final 90 seconds and 
greater RMS trunk tilt in the last 30 seconds compared to the middle 60 seconds. There was a 
modest, but significant Visit effect, with reduced RMS COP and RMS trunk tilt during 
experimental visit 2 compared with experimental visit 1. There was not a significant main effect 
of VTF on RMS COP, due to interactions between VTF and other factors (as described below). 
The effect of the secondary CRT task on postural sway measures was minor overall, as there was 
not a significant main effect. Furthermore, CRT did not appear in any higher order interactions.  
Significant higher order interactions were found in RMS COP data. The interactions 
could be divided into three groupings based on the three-way interactions (Table 2). The first 
grouping involved the effects of VTF, Age, and Condition. As mentioned previously, we did not 
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find a significant main effect of VTF; however, this unexpected finding can be explained by the 
three-way interaction of VTF*Condition*Age (Figure 7). Specifically, during the fixed platform 
conditions (7a and 7b), VTF elicited greater RMS COP only in older adults (p < 0.001), while 
there was no change in RMS COP due to VTF in younger adults (p > 0.13).  In contrast, during 
the SR platform conditions (7c and 7d), application of VTF reduced RMS COP in both older and 
younger adults (p < 0.022). Thus the increase in RMS COP in older adults during VTF on the 
fixed platform trials counteracted the reduction in RMS COP during VTF on the sway-
referenced trials, so that overall, the average effect of VTF was not significant. The plots of the 
three-way interaction also help to demonstrate the significant two-way interactions between 
VTF*Condition and VTF*Age.  
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Table 2.  Effects of age, sensory condition, vibrotactile feedback (VTF), performance of auditory choice reaction time (CRT) tasks, period and visit on 
the root-mean-square of the anterior-posterior center of pressure (RMS COP)
Main 
Effects 
RMS COP 
(mean ± SD) F and P values Interaction(s) F and P values 
Age Younger: 0.76 ± 0.20 Older: 1.05 ± 0.24 F1, 38 = 19.6, p < 0.001 
VTF*Age*Condition 
VTF*Age 
VTF*Condition 
F2.1, 80.0 = 7.5, p < 0.001 
F1, 38 = 5.5, p = 0.02 
F2.1, 80.0 = 60.6, p < 0.001 
Conditiona 
Fixed/EO: 0.45 ± 0.16 
Fixed/EOD: 0.56 ± 0.18 
SR/EO: 1.03 ± 0.42 
SR/EOD: 1.57 ± 0.39 
F1.9, 71.2 = 564.1, p < 0.001 
VTF Off: 0.93 ± 0.27 On: 0.87 ± 0.27 F1, 38 = 0.4, p = 0.55 
Period*VTF*Condition 
Period*VTF 
Period*Condition 
F9, 342 = 2.2, p = 0.02 
F3, 114 = 11.6, p < 0.001 
F6.3, 240.0 = 4.4, p < 0.001 
CRT Off: 0.92 ± 0.27 On: 0.89 ± 0.25 F1, 38 = 3.8, p = 0.058 
Periodb 
1: 0.98 ± 0.28 
2: 0.86 ± 0.25 
3: 0.86 ± 0.26 
4: 0.89 ± 0.27 
F2.3, 88.2 = 26.2, p < 0.001 
VTF*Age*Visit 
VTF*Age 
VTF*Visit 
F1, 38 = 6.1, p = 0.018  
F1, 38 = 5.5, p = 0.02 
F1, 38 = 14.1, p = 0.001 
Visit 1
st : 0.92 ± 0.25 
2nd: 0.88 ± 0.28 F1, 38 = 8.8, p = 0.005 
• Platform conditions: Fixed platform (Fixed) and Sway-referenced platform (SR).
• Light conditions: Eyes open (EO) and Eyes open in the dark (EOD).
• aPost-hoc test for Condition: all conditions were significantly different, p <0.001
• bPost-hoc test for Period: Period 1 significantly greater than Periods 2, 3 and 4, p < 0.001
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a. Fixed/EO                                                 b. Fixed/EOD 
 
 
 
c. SR/EO                                                      d. SR/EOD 
 
• Light conditions: Eyes open (EO) and Eyes open in the dark (EOD). 
• Platform conditions: Fixed platform (Fixed) and Sway-referenced platform (SR). 
• VTF: Vibrotactile feedback. 
• *: p < 0.05. 
 
Figure 7. Effect of VTF*Age*Condition interaction on the root-mean-square of the anterior-posterior center 
of pressure (RMS COP) 
 
 
 
* * 
* * 
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Significant interactions between the factors were found for the RMS trunk tilt when VTF 
was used (Table 3). The Age*Condition (p = 0.028) interaction demonstrated that older adults 
had a greater increase in RMS trunk tilt compared with younger adults as the sensory conditions 
changed amongst the Fixed/EO, Fixed/EOD, SR/EO to the SR/EOD conditions (Figure 8a). 
Although the Condition*Visit interaction (p = 0.049) was found, the post-hoc analysis did not 
reveal any statistical difference between different visit among all conditions. The 
Condition*Period interaction (p = 0.021) illustrated that in the Fixed/EOD condition, there was a 
decrease in RMS trunk tilt  in Period 3, then an increase in Period 4. In the SR/EO condition, 
Period 4 had the largest RMS trunk tilt. In the SR/EOD condition, there was a decrease in RMS 
trunk tilt from Period 1 to Period 2, then an increase from Period 2 to 4 (Figure 8c).  
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Table 3. Effects of age, sensory condition, performance of auditory choice reaction time (CRT) task, period and visit on the root-mean-square of 
the anterior-posterior trunk tilt (RMS trunk tilt) 
Main Effects 
RMS trunk tilt  (deg) 
(mean ± SD) 
F and P values Interaction(s) F and P values 
Age 
Younger: 0.38 ± 0.10 
Older: 0.60 ± 0.18 
F1,38 = 14.5, p < 0.001 
Condition*Age 
Condition*Visit  
Condition*Period 
F2.4,85.2 = 3.5, p = 0.028 
F3,108 = 2.7, p = 0.049 
F5.9,213.0 = 2.6, p = 0.021 Conditiona,b 
Fixed/EO: 0.32 ± 0.14 
Fixed/EOD: 0.37 ± 0.17 
SR/EO: 0.51 ± 0.21 
SR/EOD: 0.76 ±0.28 
F2.4,85.2 = 284.2, p < 0.001 
CRT 
Off: 0.49 ±0.20 
On: 0.49 ± 0.18 
F1,36 = 0.2, p = 0.68 
Period 
1: 0.50 ± 0.20 
2: 0.48 ± 0.19 
3: 0.48 ± 0.20 
4: 0.53 ± 0.20 
F2.1,75.1= 8.3, p < 0.001 
Visit 
1st : 0.53 ±0.24 
2nd : 0.45 ± 0.14 
F1,36 = 10.6, p = 0.002 
• aPost-hoc test for Condition: all conditions were significantly different, p <0.001.
• bPost-hoc test for Period: Period 4 significantly greater than Periods 2 and 3, p < 0.001.
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a. Age*Condition interaction                               b. Condition*Visit interaction 
 
 
 
c. Condition*Period interaction 
 
 
 
 
 
 
 
 
 
 
 
 
• *:p < 0.05; ¥ p < 0.017; ┼ p < 0.001. 
 
Figure 8. Age*Condition, Condition*Visit and Condition*Period interaction on the root-mean-square of the 
anterior-posterior trunk tilt (RMS trunk tilt) when VTF was applied 
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The second interaction grouping consisted of the factors Period, VTF, and Condition 
(Figure 9). The three-way interaction illustrates that during the Fixed/EO condition (9a), RMS 
COP was relatively level across all four periods when there was no VTF. On the other hand 
when VTF was available, RMS COP was increased in period 1 compared with periods 2, 3 and 4 
(p < 0.007). During the SR/EO condition (9c), the RMS COP was relatively stable across all 
periods, both with and without VTF. Lastly, during the SR/EOD condition, there was a reduction 
in RMS COP in periods 2, 3, and 4 compared with period 1 when VTF was on or off (p < 0.001).  
 The final interaction grouping contained the VTF, Age and Visit factors (Figure 
10). Whereas the reduction in RMS COP with VTF on was consistent across visits in younger 
adults (p = 0.46), older adults had no improvement in RMS COP with VTF on visit 1, but a 
significant improvement in sway with VTF on visit 2 (p = 0.003).  
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     a. Fixed/EO                                                     b. Fixed/EOD 
 
         c. SR/EO                                                        d. SR/EOD 
 
• Light conditions: Eyes open (EO) and Eyes open in the dark (EOD). 
• Platform conditions: Fixed platform (Fixed) and Sway-referenced platform (SR). 
• VTF: Vibrotactile feedback.  
• Period 1: 1-30 s; Period 2: 31-60 s; Period 3: 61-90 s; Period 4: 91-120 s 
• ┼ p < 0.001; * p< 0.05; ¥ p < 0.017 
 
Figure 9. Effect of Period*VTF*Condition interaction on the root-mean-square of the anterior-posterior 
center of pressure (RMS COP) 
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      a.  Experimental Visit 1 
 
       b. Experimental Visit 2 
 
• VTF: Vibrotactile feedback. 
• * p< 0.05 
 
Figure 10. Effect of VTF*Age*Visit interaction on the root-mean-square of the anterior-posterior center of 
pressure (RMS COP) 
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5.3.2 Percentage time in the neutral zone 
The effect of Age, CRT, Period, Condition and Visit with RMS trunk tilt was examined. The 
repeated measures ANOVA of the percentage time in the neutral zone showed significant main 
effects of Age, Condition, Period and Visit (Table 4). Younger adults demonstrated higher 
percentage of time in the neutral zone compared to older adults. The sensory condition had a 
significant effect on the percentage of time in the neutral zone, decreasing the percentage of time 
in the neutral zone from the Fixed/EO, Fixed/EOD, SR/EO to the SR/EOD conditions. In Period 
1, subjects had greater percentage of time in the neutral zone compared to periods 2, 3 and 4. 
During the second visit, subjects had a greater percentage of time in the neutral zone compared 
with first visit. There was no significant main effect or interactions for CRT. Interactions were 
found in the percentage of time in the neutral zone data. The significant interactions were divided 
into two groupings. The first grouping involved Condition, Age and Visit. In the experimental 
visit 1, there was a significant reduction in the percentage of time in the neutral zone form the 
beginning of the trial to the end during the Fixed/EOD and SR/EO conditions. On the other hand, 
there was no significant change in the percentage of time in the neutral zone across period 1 to 4 
(Figure 11). The Condition*Age interactions illustrated that the older adults had less time in the 
neutral zone as the sensory conditions were from the Fixed/EO, Fixed/EOD, SR/EO to the 
SR/EOD conditions compared with younger adults. The Period*Condition*Visit interactions 
demonstrated that Period 1 had the larger percentage of time in the neutral zone among all 
conditions during experimental visit 1, but Period 4 had the larger percentage of time in the 
neutral zone in the Fixed/EO condition during experimental visit 2 (Figure 12). The Period*Age 
interaction showed that the older adults had reduced the percentage of time in the neutral zone 
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from period 1 to 4 compared with no change in percentage of time in the neutral zone across 
periods in younger adults.        
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Table 4. Effects of age, sensory condition, performance of auditory choice reaction time (CRT) task, period and visit on the percentage of time in 
the neutral zone 
Main Effects 
Percentage of Time in 
the neutral Zone (%) 
(mean ± SD) 
F and P values Interaction(s) F and P values 
Age 
Younger: 85 ± 8 
Older: 59 ± 18 
F1,36 = 21.3, p < 0.001 
Condition*Age*Visit 
Condition*Age 
Period*Condition*Visit 
Period*Visit 
Period*Age 
F3,108 = 3.9, p = 0.015 
F3,108 = 12.7, p < 0.001 
F6.1,218.3 = 2.2, p = 0.046 
F2.2,77.5 = 3.1, p = 0.049  
F1.8,63.5 = 4.0, p = 0.028 
Conditiona,b 
Fixed/EO: 84 ± 19  
Fixed/EOD: 78 ± 20 
SR/EO: 73 ± 21 
SR/EOD:  52 ± 24   
F3,108 = 106.3, p < 0.001 
CRT 
Off: 73 ± 20 
On: 70 ± 20 
F1,36 = 2.1, p = 0.15 
Period b 
1: 74 ± 17 
2: 71 ± 20 
3: 71 ± 21 
4: 70 ± 21 
F1.8, 63.5= 7.7, p = 0.002 
Visit 
1st : 69 ± 23 
2nd : 75 ± 18 
F1,36 = 8.3, p = 0.007 
• aPost-hoc test for Condition: all conditions were significantly different, p ≤0.006.
• bPost-hoc test for Period: Period 1 significantly greater than Periods 2, 3 and 4, p < 0.05.
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a. Younger group 
  
b. Older group 
  
• ┼ p < 0.001; * p< 0.05. 
• Light conditions: Eyes open (EO) and Eyes open in the dark (EOD). 
• Platform conditions: Fixed platform (Fixed) and Sway-referenced platform (SR). 
• Younger group showed increase percentage time in the neutral zone on SR/EOD 
condition.  
 
Figure 11. Condition*Age*Visit interaction on the percentage of time in the neutral zone 
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a. Experimental Visit 1 
 
 
b. Experimental Visit 2 
 
 
• ¥ p < 0.017 
• Light conditions: Eyes open (EO) and Eyes open in the dark (EOD). 
• Platform conditions: Fixed platform (Fixed) and Sway-referenced platform (SR). 
 
Figure 12. Period*Condition*Visit interaction on the percentage of time in the neutral zone 
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5.3.3 Reaction Time 
In order to explore how the different factors influenced the attention demands of the postural 
task, a secondary auditory choice reaction time task was performed. A repeated measures 
ANOVA of the median reaction time (RT) from each trial demonstrated significant main effects 
of Age, Condition, and VTF (Table 5). The RTs of older adults were slower than younger adults 
by 109 ms. RTs increased as the challenge of the sensory condition increased. In particular, the 
SR/EOD condition produced RTs significantly greater than all the other conditions, and the 
SR/EO condition resulted in greater RTs compared with the Fixed/EO condition. When VTF was 
used, the RTs increased about 69 ms compared with when VTF was not used.  
In addition, there were three significant two-way interactions, as shown in Figure 13. The 
VTF*Age interaction (13a) demonstrated that the increase in RTs due to VTF was greater in 
older adults compared with younger adults (101 ms v. 37 ms, p < 0.001). The VTF*Visit 
interaction (13b) showed that the increase in RTs due to use of VTF was greater in the first 
versus the second visit (78 ms v. 60 ms, p = 0.01). Finally, the Age*Visit interaction (13c) 
indicated that younger adults had faster RTs on second experimental visit while the RTs of the 
older group was essentially the same on both experimental visits (-26 ms v. +6 ms, p = 0.018).  
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Table 5. Effects of age, sensory condition, vibrotactile feedback (VTF), and visit on the median reaction time during performance of an auditory choice 
reaction time task 
Main Effects 
Reaction Time (ms) 
(mean ± SD) 
F and P values Interaction(s) F and P values 
Age 
Younger: 411 ± 84 
Older: 520 ± 96 
F1,38 = 14.5, p < 0.001 
VTF*Age 
 
VTF*Visit  
 
Age*Visit 
 
F1,38 = 17.1, p < 0.001 
 
F1,38 = 7.1, p = 0.009 
 
F1,38 = 6.1, p = 0.018 
 
Conditiona,b 
Fixed/EO: 447 ± 104 
Fixed/EOD: 454 ± 106  
SR/EO: 465 ± 104 
SR/EOD: 497 ± 114 
F3,114 = 29.1, p < 0.001 
VTF 
Off: 431 ± 85 
On: 500 ± 128 
F1,38 = 80.2, p < 0.001 
Visit 
1st : 471 ± 101  
2nd : 461 ± 113 
F1,38 = 2.4, p = 0.13 
• Platform conditions: Fixed platform (Fixed) and Sway-referenced platform (SR). 
• Light conditions: Eyes open (EO) and Eyes open in the dark (EOD). 
• aPost-hoc test for Condition: SR/EOD significantly greater than Fixed/EO, Fixed/EOD and SR/EO, p <0.001. 
• bPost-hoc test for Condition: SR/EO significantly greater than Fixed/EO, p=0.006. 
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a. VTF*Age interaction                                   b. VTF*Visit interaction 
 
 
c. Age*Visit interaction 
 
• VTF: Vibrotactile feedback. 
• ┼ p < 0.001; * p < 0.05 
 
Figure 13. Effect of a. VTF*Age interaction, b. VTF*Visit interaction and c. Age*Visit interaction on median 
reaction time 
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5.4 DISCUSSION 
 
The purpose of the study was to examine the effect of using VTF on postural sway and reaction 
times during dual-task standing balance. The results of the postural sway data demonstrated that 
younger and older adults utilized VTF differently. Vibrotactile feedback resulted in elevated 
sway in older adults during fixed platform conditions, but helped to reduce sway in both older 
and younger adults in sway-referenced platform conditions. Also, older adults required more 
experience to take advantage of the VTF for reducing sway. It was found that greater than 30 s 
was needed to reach a steady state in postural sway when VTF was being integrated with other 
sensory information. Reaction times were higher while VTF was on suggesting that additional 
attentional resources are used to process VTF information. 
Our findings extend the research of Haggerty et al., who also studied the use of VTF 
during dual-task conditions [109] by comparing two different age groups. In their study, 
community-dwelling older adults stood upright using different bases of support with eyes open 
or closed to compare the effect of VTF while performing an auditory CRT. Moreover, in 
Haggerty’s study, the subjects performed 30-second trials within one visit. However, in our 
study, we compared the performance in both younger and older adults while using VTF during a 
dual-task condition. Furthermore, a longer trial and a second visit were provided to investigate 
the effect of time while using VTF. Sensory conditions (Fixed or SR platform) were also taken 
into consideration in order to realize how the VTF information integrated with inner body 
sensory information.  
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Vibrotactile feedback has been shown to reduce RMS trunk tilt [26, 30, 34, 97, 213], 
COP displacement RMS [32, 34] and increase the percentage of time in the neutral zone [97]. 
Our data did not compare the RMS trunk tilt and the percentage of time in the neutral zone with 
and without VTF, but we used the RMS trunk tilt  and the percentage of time in the neutral zone 
to corroborate the result of the RMS COP.       
Our data demonstrated that younger and older subjects responded differently to VTF 
under various sensory integration tasks in RMS COP. When the platform was fixed, VTF 
increased RMS COP in older adults. However, when the platform was sway-referenced, VTF 
decreased RMS COP similarly in both younger and older adults. One possible explanation for 
the increased sway in older adults during fixed platform conditions is that they overcorrected in 
the opposite direction when they perceived the VTF. Furthermore, it is possible that with 
additional training, the increased sway effect at the beginning may disappear, given the finding 
of a reduction of sway in the second visit compared with the first visit. Our results of a reduction 
in sway on the SR platform are consistent with several previous studies [30, 32, 34, 42, 97].  
Younger subjects showed greater percentage of time in the neutral zone than older adult 
while using VTF. This finding suggests that younger people have better ability to maintain their 
trunk stability within the pre-defined motion-based threshold while using VTF. Postural control 
studies have demonstrated that younger people have better ability to control body stability than 
older adults [216, 217]. The ability to spend more time in the neutral zone may also indicate that 
ageing influences the ability to use VTF.    
Generally speaking, our results demonstrated that the CRT task was not an essential 
factor that affected the postural sway. This result corresponds to the study by Redfern et al. 
[146], which found that postural sway was unchanged by the presence of the reaction time task, 
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although RT performance was affected. In our experiment, the “posture first” principle may 
explain the negligible effect of the secondary cognitive task on sway [218, 219].    
The secondary cognitive task resulted in longer RTs in older adults compared with 
younger adults, consistent with previous studies [120, 146, 218]. Furthermore, the use of VTF 
required additional attention during the sensory integration conditions, confirming the results of  
Haggerty et al [109]. However, our data also suggested that the attention requirement in utilizing 
VTF was greater in older adults than younger adults. Specifically, RTs increased by 101 ms in 
older adults and 37 ms in younger adults when VTF was present. The increase in reaction time is 
significant and suggests that more attentional resources are needed [220].  The increase in 
attention needed to use VTF indicates that some older adults who have executive dysfunction 
may not be good candidates for using VTF. 
The effect of sensory conflict on the ability of VTF to reduce sway is unclear. Several 
studies have applied VTF during the sensory organization test (SOT) condition 5 (Eyes closed / 
Sway-referenced (SR) platform) and condition 6 (SR visual surround/ SR platform) [26, 30, 34]. 
The results showed that VTF improved balance performance in both SOT conditions 5 and 6. 
Moreover, Kentala et al. reported that the benefit from VTF was greater in SOT condition 5 than 
condition 6 and they suggested that visual conflict might interfere with the use of VTF 
information [34].  To complement these studies, we investigated the use of VTF in the light and 
dark, and also on a fixed and SR platform in order to examine the effect of sensory integration. 
However, the visual conflict condition was not studied in our study design.    
Our results showed that the length of time also affects postural sway while using VTF. 
The Period*VTF interaction was found in the Fixed/EO, Fixed/EOD and Fixed/SR conditions. 
The data demonstrated that the RMS COP decreased after Period 1(30 seconds) when VTF was 
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used. The decrease in RMS COP in Period 2 and after suggests that dynamic reweighting of the 
sensory feedback occurred. With additional experience using VTF, sway was reduced in 
experimental Visit 2 compared with Visit 1. The decrease in the postural sway during Period 2 
suggests that with additional training, the optimal beneficial effect of using VTF might be 
achieved.      
5.5 CONCLUSION 
Our data suggest that younger and older adults use VTF differently, depending on the underlying 
sensory integration balance task.  Although the use of VTF required more attention, older adults 
were able to use VTF to reduce sway in SR platform conditions. The length of time and visit also 
affected postural sway performance while VTF was applied. Designing a training protocol for 
VTF should take these factors into consideration.        
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6.0  THE USE OF VIBROTACTILE FEEDBACK DURING DUAL-TASK STANDING 
BALANCE IN PEOPLE WITH UNILATERAL VESTIBULAR HYPOFUNCTION 
6.1 INTRODUCTION 
Vestibular dysfunction is a common disorder seen in the US. It is estimated that 35.4% of US 
adults over 40 have a vestibular problem.[5] People with vestibular deficits have an increased 
risk of falling.[5, 192] Preventing falls in people with vestibular problems may decrease the cost 
of medical expenditures and improve the quality of life for people with vestibular dysfunction.[5]  
Vibrotactile feedback (VTF) have been proposed to enhance balance ability in people 
with balance problems.[32] Studies have shown that VTF decreased postural sway in people with 
vestibular deficits while standing on a sway-referenced (SR) platform with eye closed and visual 
sway-referenced conditions.[30, 34] However, how the platform and eye conditions (sensory 
integration) affect the use of VTF were not considered in the previous studies.[30, 34]  
Dual-task paradigms have been used to test the allocation of  attention shift between 
balance tasks and cognitive tasks.[114] Studies have demonstrated that people with vestibular 
problems require more attention for balance compared to healthy controls, as demonstrated by 
increased auditory choice reaction times.[36] Redfern et al.[36] also suggested that the increase 
in attentional demand was due to the increased attentional requirement in the sensory selection 
process before responding to the balance tasks. Vibrotactile feedback provides extra sensory 
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information to the brain.[32] Moreover, Haggerty et al. have indicated that using VTF requires 
attention.[109]. It is unclear if vibrotactile feedback information affects the sensory selection 
process and requires more attention in people with vestibular disorders.  
The purpose of this study was to investigate the effect of performing dual-task conditions 
under different sensory integration conditions while using VTF on postural sway in people with 
unilateral vestibular hypofunction (UVH) and age-matched controls. We hypothesized that 
people with UVH will have a poor ability to use VTF compared with age-matched controls 
during dual-task conditions, resulting in increasing postural sway and slower reaction time.  
6.2 METHODS 
6.2.1 Subjects 
Ten people with unilateral vestibular hypofunction and seven aged-matched controls 
were enrolled in this study. Three of the participants with unilateral vestibular disorders 
did not complete the study. Table 6 summarizes the basic characteristics for the seven 
subjects with UVH and age-matched controls.(Table 6) People with UVH were referred by a 
clinic doctor or physical therapists after the diagnosis was confirmed. Exclusion criteria 
consisted of a diagnosis of a neurologic or orthopedic disorder, known pregnancy, 
binocular visual acuity with corrective lenses worse than 20/40, or impaired sensation with 
the Semmes-Weinstein monofilament test (0.07g)[207]. Additional excludsion criteria for the 
control group were scores less than 19 on the Dynamic Gait Index [205], scores of less than 22 
on the Functional Gait Assessment [206], or  abnormal  age-corrected  audiometric  function.     
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The Institutional Review Board at the University of Pittsburgh approved the protocol.        
6.2.2 Instrumentation 
The VTF system consisted of a belt, an inertial measurement unit (IMU, Xsense Technologies 
B.V., Enschede, The Netherlands), eight vibrating tactors (C-2, Engineering Acoustics Inc., 
Casselberry, FL, USA), and a laptop computer. Two tactors were placed vertically within the belt 
wrapping around the subject’s waist in midline front, midline back, right and left side directions. 
The IMU, which detected the subject’s sway position and sway velocity in the anteroposterior 
(AP) and mediolateral (ML) directions, was attached to the posterior of the belt at the level of the 
fourth lumbar vertebra. The IMU also measured the trunk tilt from vertical while the VTF was 
activated. Vibrotactile feedback was provided when the control signal value, equal to sway 
position plus 0.5 times the sway velocity, exceeded threshold.[107] The threshold of the lower 
tactors was 1.5 anteriorly, 0.5 posteriorly, and 0.5 right and left. The threshold of the upper 
tactors was 3 anteriorly, 1.5 posteriorly, and 1.5 right and left. We set a larger threshold for the 
anterior direction because the limits of stability are larger in the anterior direction compared with 
the posterior direction.[97] “The nearest neighbor” principle was used in the feedback algorithm 
which activated only one tactor at a time by determining which direction had the greatest control 
signal value.[97] The subject was instructed to stay in the neutral zone (area without any VTF 
given) as much as possible and move away from the vibration site. Subjects were wore thin foot 
coverings and wore a thin shirt so that the tactors could be sensed easily.   
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A computerized dynamic posturography platform (Smart EquiTestTM; Neurocom, Inc.) 
was used to record the center of pressure (COP). The Smart EquiTest also provided sway-
referencing in the sagittal plane about the ankle joints by estimating the body pitch from the AP 
COP.  
A secondary auditory choice reaction time task (CRT) was delivered by a customized 
program (Labview, National Instruments). The auditory CRT stimuli consisted of  560 Hz and 
980Hz tones transmitted through a set of earphones (E·A·RTONE®).The tones were played at 
80dB for 250ms and repeated every 2 to 6 seconds during a 2 minute period. Using one 
microswitch button in each hand, the subject pressed a button in one hand for a high pitch tone 
and the other hand for a low pitch tone. Twenty-five to twenty-nine auditory stimuli were 
presented in each trial. The onset of the switch activation relative to the stimulus was recorded 
with a temporal resolution of 1 millisecond.  
6.2.3 Experimental procedure 
A screening and training visit was required prior to the two experimental visits. During the 
screening and training visit, the subject was briefly introduced and trained to perform the CRT 
tasks, and how to use the VTF. The training conditions included four sensory integration 
conditions (Eyes open (EO)/Eyes open in the dark (EOD) x Fixed/Sway-referenced platform 
(SR)) and one dual-task condition on EO/SR platform. The subjects were instructed to stand 
comfortably, to move away from vibration and to stay in the neutral zone as much as they could. 
Darkened goggles were used during the EOD condition to avoid the light interference from the 
computer screen. Each training condition lasted for 120 seconds. During the two experimental 
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visits, a short training period was held before the experimental test, which repeated the VTF 
training conditions, but with a less duration to avoid fatigue and for warm-up. A total of sixteen 
two-minute trials were performed, including all combinations of VTF on/off, CRT task on/off, 
and sensory conditions (Fixed/EO, Fixed/EOD, SR/EO and SR/EOD). The subjects performed 
the experimental conditions in random order during both of the two different experimental visits.  
6.2.4 Outcome measures 
The trunk tilt was recorded by the IMU in the anterior-posterior (AP) and medial-lateral (ML) 
directions during the eight conditions when the VTF was activated. The COP was also recorded 
in the AP and ML direction for all trials. However, only AP direction of trunk tilt and COP data 
were used because the sway-referencing platform only occurred in the AP direction.  The root-
mean square (RMS) of trunk tilt and COP were calculated via a customized Matlab (The 
MathWorks, Natick, MA) program. We divided the 120 second data into four periods (Period 1: 
0-30s; Period 2: 30-60s; Period 3: 60-90s;  Period 4: 90-120s) to investigate within-trial 
performance.[214, 215] The percentage of time in the neutral zone was also calculated from the 
IMU data. The median reaction times (RTs) were calculated from each of the eight conditions 
with CRT task. Prior to extracting the median reaction time in each CRT condition, the first RT 
response was excluded due to the increase in latency on the first response.     
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6.2.5 Statistical Analysis 
All data was examined for normality via the Shapiro-Wilk test. Independent t-tests or the Mann-
Whitney test was used to examine group difference in age, gait speed, DGI and FGA. A Chi-
square test was used for subject gender difference. A repeated measures analysis of variance 
(ANOVA) was conducted to examine the study aims. The effect of group, Period, CRT, 
Condition and Visit on trunk tilt RMS and the percentage of time in the neutral zone were tested 
in order to assess control of trunk movements while having VTF available. The effects of group, 
Period, VTF, CRT, Condition and Visit on COP RMS were also tested in order to examine 
control of center of mass during all conditions. However, two out of seven people with UVH 
were not able to perform the balance task during SR/EOD condition so that we only used three 
levels of sensory integration conditions (Fixed/EO, Fixed/EOD and SR/EO) in our model. 
Because we were interested in the interactions between Group and the repeated factors, we used 
repeated measures ANOVA. In addition, because of the small sample size, we also performed an 
analysis of the Group effect using the Mann-Whitney test.   The postural sway data (trunk tilt 
RMS and COP RMS) was logarithmically transformed to meet the assumption of a repeated 
measure ANOVA. A Bonferroni correction was applied if post-hoc analysis was needed for the 
Condition and Period variable. Similarly, we investigated the effect of group, VTF, Condition 
and Visit on reaction times. All statistical analyses were performed using IBM® SPSS® Statistics, 
Release Version 19 (IBM, Armonk, NY). A significance level of α = 0.05 was used.  
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6.3 RESULTS 
The sample consisted of six females and one male in the UVH group and 5 females and 2 males 
in the age-matched control group (p = 0.53). There was no statistically significant difference 
between the two groups in age (p =0.90). Significant differences between UVH and controls 
were found in gait speed (p = 0.01), DGI (p = 0.01) and FGA (p = 0.01). (Table 6) We confirmed 
the results for the main group effect in the ANOVA by performing a Mann-Whitney Test, a 
group difference was only found for reaction time (p = 0.03), but not COP RMS (p = 0.81), trunk 
tilt RMS (p=0.26) or the percentage time in the neutral zone (p = 0.47).       
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Table 6. Basic information for subjects with unilateral vestibular hypofunction and normal control subjects 
Group ID Age Gender Lesion Side 
Duration 
(wks) 
Dizziness 
Rating* Gait Speed DGI FGA 
 1 65 F L 1 7 0.91 19 19 
 3 56 F R 28 2 1.07 20 21 
 5 55 F L 265 2 0.86 18 16 
UVH 6 59 F L 282 0 1.04 21 22 
 7 64 M L 5 5 0.84 12 12 
 9 52 F L 260 1 1.23 21 24 
 10 60 F L 7 1 1.12 22 27 
   Mean                          59 ± 4                                                                                                  1.01 ± 0.15         19± 3              20 ± 5 
 1 65 F    1.03 23 28 
 2 55 F    1.38 23 28 
 3 58 F    1.41 24 28 
Controls 4 59 F    1.15 22 27 
 5 64 M    1.19 24 28 
 6 50 F    1.21 24 23 
 7 64 M    1.63 24 28 
Mean     59 ± 5      1.29 ± 0.20        23 ± 1             27± 2 
p value  p = 0.90b   p =0.53c        p = 0.01a p = 0.01b p = 0.01b 
 
• aIndependent t-test; bMann-Whitney test; cChi-square test 
• *Dizziness rating: 0 to 10 scale, 10 is the maximum intensity of dizziness; averaged from two visits 
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6.3.1 Postural Sway 
The repeated measures ANOVA showed that there was no significant group difference between 
people with UVH and age-matched controls on COP RMS ( p = 0.692, effect size = 0.25) (Table 
7) and trunk tilt RMS (p = 0.399, effect size = 0.29) (Table 8) and  
 Significant main effects included Condition (p < 0.001) and VTF (p = 0.014) for COP 
RMS (Table 7), and Condition (p < 0.001) and Period (p = 0.002) for trunk tilt RMS (Table 8). 
The magnitude of COP RMS and trunk tilt RMS increased across the sensory conditions: 
Fixed/EO, Fixed/EOD to the SR/EO condition. A significant effect of Period was only observed 
for trunk tilt RMS, which was due to the greater trunk tilt RMS in the last 30 seconds compared 
to the second period of 30 seconds. A significant VTF effect was found for COP RMS, which 
showed that COP RMS was higher during the use of VTF. There were no main effects of Visit or 
CRT for COP RMS and trunk tilt RMS.  
There were no significant interactions among group, Condition, CRT, Period, and Visit 
for trunk tilt RMS while using VTF. However, several significant interactions were found for 
COP RMS. The Group*CRT*Visit interaction demonstrated that during experimental visit 1, 
people with UVH had greater COP RMS while performing secondary CRT tasks compared with 
no dual task, but not during experimental visit 2. Control subjects did not have significant 
changes in COP RMS due to CRT or Visit.(Figure 14) Several two-way interactions were 
present.(Figure 15) The VTF*Period interaction showed that COP RMS was not different across 
period while VTF was off, but was significantly less in Period 2 than Period 1 and 4.(Figure 15a) 
The VTF*Condition interaction revealed that there was an increase in COP RMS when VTF was 
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on during fixed platform conditions, but a slight decrease during the sway-referenced platform 
condition.(Figure 15b) The Period*Condition interaction demonstrated that COP RMS was 
decreased in Period 3 and 4 compared to Period 1during the fixed/EOD condition, and COP 
RMS was decreased in Period 2 compared to Period 3 and 4 during the SR/EO condition.(Figure 
15c) 
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Table 7. Effects of group, sensory condition, vibrotactile feedback (VTF), performance of auditory choice reaction time (CRT) tasks, period and visit on 
the root-mean-square of the anterior-posterior center of pressure (RMS COP) 
Main Effects RMS COP (mean ± SD) F and P values Interaction(s) F and P values 
Group 
Control: 0.73 ± 0.15 
UVH: 0.85 ± 0.33 F1, 12 = 0.2, p = 0.692 
Period*VTF 
Period*Condition 
VTF*Condition 
F3, 36 = 6.1, p = 0.002 
F6, 72 = 4.6, p <0.001 
F2, 24 = 11.9, p < 0.001 
 
 
 
Conditiona 
Fixed/EO: 0.50 ± 0.16 
Fixed/EOD: 0.64 ± 0.20 
SR/EO: 1.24 ± 0.59 
F1.2, 13.4 = 63.2, p < 0.001 
VTF 
Off: 0.78 ± 0.27 
On: 0.80 ± 0.25 F1, 12 = 8.3, p = 0.014 
Group*CRT*Visit F1, 12 = 6.4, p = 0.027  
 
CRT 
Off: 0.81 ± 0.30 
On: 0.78 ± 0.23 F1, 12 = 0.1, p = 0.772 
Period 
1: 0.81 ± 0.24 
2: 0.76 ± 0.25 
3: 0.79 ± 0.27 
4: 0.81 ± 0.29  
F3, 36 = 1.8, p =0.158 
VTF*Condition*Visit*Group F2, 24 = 5.7, p = 0.009 
 
Visit 
1st : 0.79 ± 0.25 
2nd: 0.80 ± 0.29 F1, 12 = 0.2, p = 0.644 
 
• Fixed: Fixed platform; SR: Sway-referenced platform; EO: Eye open; EOD: Eye open in the dark; VTF: Vibrotactile feedback; 
CRT: auditory choice reaction time; COP: center of pressure; RMS: root-mean square  
• aPost-hoc test for Condition: all conditions were significantly different, p < 0.01  
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Table 8. . Effects of group, sensory conditions (Condition), performance of auditory choice reaction time (CRT) task, period and visit on the root-mean-
square of the anterior-posterior trunk tilt (RMS trunk tilt) 
Main Effects RMS trunk tilt (mean ± SD) F and P values Interaction(s) F and P values 
Group 
Control: 0.44 ± 0.12 
UVH: 0.52 ± 0.14 F1, 12 = 0.8, p = 0.399 
None None 
Conditiona 
Fixed/EO: 0.38 ± 0.13 
Fixed/EOD: 0.44 ± 0.11 
SR/EO: 0.62 ± 0.24 
F2, 24 = 23.7, p < 0.001 
CRT 
Off: 0.47 ± 0.14 
On: 0.49 ± 0.14 F1, 12 = 1.7, p = 0.221 
Periodb 
1: 0.49 ± 0.14 
2: 0.45 ± 0.13 
3: 0.46 ± 0.14 
4: 0.51 ± 0.15 
F3, 36 = 5.9, p =0.002 
Visit 
1st : 0.51 ± 0.15 
2nd: 0.45 ± 0.13 F1, 12 = 4.1, p = 0.066 
 
• Fixed: Fixed platform; SR: Sway-referenced platform; EO: Eye open; EOD: Eye open in the dark; VTF: Vibrotactile feedback; 
CRT: auditory choice reaction time; RMS: root-mean square  
• aFixed/EO vs Fixed/EOD, p = 0.013; Fixed/EO vs SR/EO, p < 0.001; SR/EO vs Fixed/EOD, p = 0.006  
• b2 vs 4, p = 0.001 
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A. Experimental Visit 1 
 
 
 
B. Experimental Visit 2 
 
Figure 14. Group*CRT*Visit interaction on the root-mean-square of the anterior-posterior center of 
Pressure (RMS COP) 
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a. VTF*Period interaction b. VTF*Condition interaction1
c. Period*Condition inter
 
action
• COP: center of pressure; RMS: root-mean square
• 1RMS COP was significant difference among the three sensory conditions, p < 0.025
• ¥ p <0.017; € p < 0.025
Figure 15. VTF*Period interaction on sway-referenced platform and Eye open condition: RMS COP reduced 
in Period while VTF was on compared to RMS COP increased with time while VTF was off 
¥ 
¥ 
¥ 
¥ ¥ 
€
100 
¥ 
6.3.2 Percentage of Time in the Neutral Zone 
No significant group effect was found in the percentage of Time in the Neutral Zone (p = 0.426, 
effect size = 0.18) The repeated measures ANOVA revealed significant main effects of 
Condition (p < 0.001) and Period (p < 0.001).(Table 9) The post-hoc analysis showed that the 
percentage of time in the neutral zone during the Fixed/EO condition was greater than the SR/EO 
condition. People with UVH and age-matched controls had a larger percentage of time in the 
neutral zone during Period 1 compared to Period 4. There were no main effects of Group, CRT, 
Visit and no interactions among the factors.   
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Table 9. Effects of group, sensory condition, performance of auditory choice reaction time (CRT) task, period and visit on the percentage of time in the 
neutral zone 
Main Effects 
Percentage of Time in 
the neutral Zone (%) 
(mean ± SD) 
F and P values Interaction(s) F and P values 
Group 
Control: 0.76 ± 0.14 
UVH: 0.71 ± 0.12 
F1,12 = 0.7, p = 0.426 
None 
 
None 
 
 
Conditiona 
Fixed/EO: 0.82 ± 0.13 
Fixed/EOD: 0.75 ± 11 
SR/EO: 0.64 ± 0.19 
F3,24 = 11.0, p < 0.001 
CRT 
Off: 0.75 ± 0.12 
On: 0.72 ± 0.14 
F1,36 = 2.3, p = 0.156 
Period b 
1: 0.78 ± 0.10 
2: 0.74 ± 0.14 
3: 0.73 ± 0.14 
4: 0.70 ± 0.15 
F3, 36= 10.0, p < 0.001 
Visit 
1st : 0.69 ± 0.19 
2nd : 0.78 ± 0.11 
F1,12 = 2.6, p = 0.134 
 
• aPost-hoc test for Condition: Fixed/EO vs SR/EO, p = 0.003. 
• bPost-hoc test for Period: Period 1 significantly greater than Periods 4, p < 0.017. 
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6.3.3 Reaction Time 
Reaction Time was used to examine the attention demands of the postural task. A repeated 
measures ANOVA of the median reaction time (RT) demonstrated significant main effects of 
Group (p = 0.027) and VTF (p< 0.001).(Table 10) The RTs of people with UVH were slower 
than the age-matched controls by 67 milliseconds. When VTF was used, the RT increased 
approximately 77 milliseconds in people with UVH and 63 milliseconds in controls compared 
with when VTF was not used. No interaction was found. 
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Table 10. Effects of group, sensory condition, vibrotactile feedback (VTF), and visit on the median reaction time during performance of an auditory 
choice reaction time task 
Main Effects 
Reaction Time (ms) 
(mean ± SD) 
F and P values Interaction(s) F and P values 
Group 
Control: 475 ± 54 
UVH: 542 ± 44 
F1,12 = 6.3, p < 0.027 
None 
 
None 
Condition 
Fixed/EO: 500 ± 63  
Fixed/EOD: 513 ± 63 
SR/EO: 510 ± 59 
F2,24 = 1.2, p = 0.333 
VTF 
Off: 474 ± 51 
On: 543 ± 70 
F1,12 = 51.9, p < 0.001 
Visit 
1st : 518 ± 58  
2nd : 499 ± 69 
F1,12 = 2.0, p = 0.187 
 
• The presence of VTF affected the reaction time significantly.  
• Fixed: Fixed platform; SR: Sway-referenced platform; EO: Eye open; EOD: Eye open in the dark; VTF: Vibrotactile feedback; 
CRT: auditory choice reaction time. 
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6.4 DISCUSSION 
The purpose of this study was to examine if individuals with UVH had different postural 
performance and reaction time on dual-task conditions when using VTF compared with controls. 
We did not detect a difference between subjects with UVH and controls on the magnitude of 
postural sway while using VTF during dual-task and different sensory integration conditions. 
However, people with UVH had slower RTs than age-matched controls, which suggested that 
people with UVH required additional attention to perform the balance tasks.  
  The postural sway parameters during dual-task conditions were not different 
between the two groups in our study. Our results for COP RMS confirmed previous findings of 
Redfern et al and Yardley et al.[36, 40] Redfern et al. found no group differences for postural 
sway when people with well-compensated vestibular lesions were compared with age-matched 
controls while they performed different cognitive tasks during balancing.[36] Yardley et al. also 
compared the COP RMS between people with uncompensated vestibular disorders and healthy 
controls and found no difference for COP RMS on a stable or sway-referenced platform while 
they performed secondary mental tasks.[40] However, lower equilibrium scores were found in 
people with vestibular disorders in Yardley et al.’s study while performing secondary mental 
tasks on posturography.[40]   
Slower RTs of 67 ms were found in people with UVH compared to the age-matched 
controls while performing a secondary cognitive task, averaged across all tasks. This magnitude 
of difference in RTs was consistent with previous studies that demonstrated a 40 ms difference 
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between well compensated individuals with UVH and controls [36], and a 75 ms difference 
between poorly compensated subjects with UVH and controls.[40] Our study subjects were 
uncompensated, as 6 out of 7 reported dizziness, and all demonstrated clinically impairments 
during the DGI and FGA test.     
It is interesting that the Group*CRT*Visit interaction was found in our study. The people 
with UVH had less COP RMS when performing the CRT during the first experimental visit. 
Andersson et al have proposed that performance of a mathematical mental task may help to 
control body sway.[39] The results in their study showed decreased postural sway while a mental 
task was performed. Yardley et al. also found improvement in equilibrium scores while 
performing an auditory choice reaction time task as a secondary mental task.[40] A previous 
section that compared younger and older adults found an effect of Visit during dual-task 
paradigms.(see section 5) Similar to the current study, we found that COP RMS was reduced on 
the second experimental visit.  
Vibrotactile feedback has been shown to reduce trunk tilt RMS [26, 30, 34, 97, 213] and 
COP RMS. [32, 34] Our results showed that the effect of using VTF on COP RMS depended on 
other experimental factors. The VTF*Condition interaction indicated that when the platform was 
fixed, VTF induced greater COP RMS. However, when the platform was sway-referenced, VTF 
decreased COP RMS, but the effect was small. Similar results have been shown in our previous 
study in which younger and older adults demonstrated increased COP RMS during fixed 
platform conditions and decreased COP RMS during sway-referenced condition. It is suggested 
that the increased sway when VTF was active in the fixed platform conditions is due to over-
correction of sway in the opposite direction.    
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In this study, we also examined how sensory integration affected dual-task performance 
while using VTF. Our results illustrated that there was no difference in reaction times during 
Fixed/EO, Fixed/EOD and SR/EO conditions. The results of Redfern et al. suggested that sway-
referencing significantly increases reaction times.[36] Surprisingly, our results showed there was 
no main effect of Condition on reaction time or any interactions, which has been shown in our 
previous study.(See section 5) In our previous study, subjects increased RTs greatly in SR/EOD 
compared to other sensory integration condition. However, SR/EOD condition was not included 
in the analysis in this study because the subjects with UVH could not complete the task. The lack 
of main effect of Condition on reaction time may be also due to the small sample size in our 
study.   
A group difference was not found for the trunk tilt RMS and COP RMS. The study was 
limited by a small sample size. According to the effect size in this study, it was estimated that a 
total of 78 subjects (39 in each group) would be needed in order to show significant between-
group differences for trunk tilt RMS and a total of 108 subjects (54 in each group) would be 
needed for the COP RMS. Considering the time and financial issues, it was not realistic to recruit 
all the UVH subjects needed to demonstrate differences in postural performance. Nonetheless,  
between-group differences in reaction time performance was observed with this sample size.    
6.5 CONCLUSION 
Our data indicated that no difference was found between the people with UVH and age-matched 
controls on postural sway parameters while using VTF under dual-task conditions. However, 
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people with UVH require more attentional resources to perform secondary cognitive tasks while 
using VTF.  
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7.0  DISCUSSION 
The purpose of this dissertation was to examine the effect of using VTF on postural sway and 
reaction times during dual-task conditions in younger and older adults, and in people with 
unilateral vestibular hypofunction and age-matched controls. Similar findings were seen in both 
studies, including the VTF*Condition interaction, Period*VTF interaction, and 
Period*Condition interaction. These findings suggest that sensory integration conditions and 
experience significantly affected the ability to utilize VTF. Moreover, reaction time increased 
while the VTF was applied in both studies. Although there are different degrees of delay in 
reaction times among the different study groups, VTF significantly increased the reaction time, 
which suggests that there was additional attentional requirements while using VTF.  
In our study, the instruction given to the subjects for responding to VTF was “stand 
comfortably, respond to the vibration when you feel it and push different buttons when you hear 
the different tones.” Compared to other studies using VTF, the common instruction was “stand 
still and respond to vibration.”[97, 109] Our different instructions might have influenced the 
study results. Our idea was to ask subjects to respond like they might need to respond during 
real-life conditions. No warning was given during the testing conditions. Therefore, we expected 
the subjects would have greater RMS COP during the first thirty seconds because the subjects 
adjusted their postural control over time. Study also suggested that nonstationary properties of 
109 
 
postural sway within the first twenty seconds.[214] We also observed increase postural sway 
after ninety seconds. This increasing postural sway might be due to muscle fatigue in the lower 
extremities.     
Our results were not able to find difference in RMS trunk tilt and RMS COP between 
people with unilateral vestibular hypofunction and age-matched controls, which was limited by a 
small sample size. However, according to the effect size that was calculated from our data, a 
total of 78 subjects would be needed for the RMS trunk tilt and 108 subjects for the RMS COP to 
demonstrate significance. In our clinical setting, it was not realistic for us to recruit such a large 
number of patients.   
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8.0  STUDY LIMITATIONS/OBSERVATIONS 
In our study design, we randomized the testing conditions for two different study visits in order 
to eliminate the order effect because of fatigue. In the results, we found testing conditions 
(different sensory integration conditions) and VTF interaction in both studies. VTF with a fixed 
platform induced greater RMS COP and with a sway-referenced platform reduced RMS COP. 
The increase in RMS COP may have been due to an overcorrection in the opposite direction. 
However, the randomized testing conditions could not help us assure that the increased RMS 
COP was due to the overcorrection in fixed platform condition. A solution to confirm the effect 
of VTF during different platform conditions should control the sequence of platform condition. 
Controlling the sequence of the sensory integration conditions may help to see the effect of fixed 
platform versus sway-referenced platform while using VTF. For example, subjects would 
perform all the fixed platform conditions first and then the sway-referenced platform conditions 
during the study visit.  
Besides the testing conditions, the pre-defined threshold for VTF that we used in this 
dissertation may affect the postural sway in older adults. We set the threshold of 0.5 degree in 
the posterior direction for all the subjects. However, during the experiment, we observed that 
older adults tended to lean backward when we started the testing, even if we asked the subjects 
try to stand comfortably at the start of each condition. The tactor in the back was vibrating 
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because the subjects leaned backward, and forced the subjects to correct their posture, even if the 
subjects felt steady, especially during fixed platform conditions. This corrective movement may 
have caused more body movements because of overcorrection. Moreover, in some subjects, hip 
strategy was also observed while they responded to the VTF. Using hip strategy to respond VTF 
was not optimal because large hip movements cause the tactors to vibrate more frequently. A 
wider pre-defined threshold or subject-specific threshold for VTF should be considered for older 
people and people with vestibular hypofunction. 
The total mean length of time to complete one visit was one hour and forty-five minutes. 
Older subjects and people with unilateral vestibular function required more time to finish the 
protocol because of frequent rests required by the subjects. The long time for testing might have 
caused fatigue and decrease performance. Further studies should consider a shorter test protocol.   
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9.0  FUTURE WORK 
Applying VTF during postural control activities is ongoing in our lab. Most previous studies 
focused on static balance.[26, 30-32, 42, 109, 213] The ultimate goal for us is to apply VTF 
during vestibular rehabilitation exercises and during functional movement. We believe that our 
efforts in these studies will enhance the experience of using VTF and help us to reach the 
ultimate goal of improving balance in people with balance deficits and people with vestibular 
disorders.    
An unsolved question in this dissertation is why RMS COP increased during fixed 
platform conditions while using VTF. Further studies may apply EMG to the lower legs to 
determine the muscle responses while using VTF in single and dual-task conditions and different 
platform conditions. The EMG may help us understand the pattern of muscles responses in order 
to further explain the increase postural sway during fixed platform condition or the mechanism 
of reducing postural sway while using VTF. A fixed order of testing conditions may also warrant 
further study to control the order effect in a small sample size.    
 Examination of the learning curve for using VTF during standing balance tasks in 
different age groups and people with vestibular disorders in order to maximize the effect of VTF 
for training purposes might also be worthy of future study. There is no literature that 
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demonstrates the optimal “dosage” of VTF training and formalization. Knowing the learning 
curve could help the people to expect the benefit from using VTF after period of time of training.        
Future investigation could also determine the effectiveness of VTF during vestibular 
rehabilitation exercises. However, it may be beneficial to customize the VTF thresholds by 
determining appropriate levels for each subject for each exercise, prior to subjects performing the 
different exercises.        
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10.0  CONCLUSION 
The ability to utilize VTF to reduce postural sway was not affected by secondary cognitive tasks 
in younger and older adults, and people with unilateral hypofunction. However, the use of VTF 
delayed the responses for the secondary cognitive tasks, which implies that more attention is 
required while using VTF in younger and older adults, and people with vestibular hypofunction. 
In our study, postural sway differences were only seen between the younger and older groups 
during dual-task conditions while using VTF, but not between people with vestibular 
hypofunction and the age-matched groups. Several factors were found that affect the use of VTF 
to control postural sway. Sensory condition and experience affect postural sway while using VTF. 
When developing a training protocol for VTF, age, sensory integration condition and the length 
of time using VTF should be taken into consideration to maximize the effect of VTF. Future 
study designs should utilize VTF in vestibular rehabilitation programs to examine the 
effectiveness of VTF to aid recovery in people with vestibular disorders. 
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APPENDIX A 
TRAINING PROTOCOL FLOW CHART 
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APPENDIX B 
SIXTEEN TEST CONDITIONS 
Condition Vibrotactile feedback 
Information 
processing task 
Visual 
feedback 
Somatosensory 
feedback 
1 On On On On 
2 On On On Off 
3 On On Off On 
4 On On Off Off 
5 On Off On On 
6 On Off On Off 
7 On Off Off On 
8 On Off Off Off 
9 Off On On On 
10 Off On On Off 
11 Off On Off On 
12 Off On Off Off 
13 Off Off On On 
14 Off Off On Off 
15 Off Off Off On 
16 Off Off Off Off 
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Visual feedback on: eyes open in the light; Visual feedback off: eyes open in the dark; 
Somatosensory feedback on: Sway-referenced platform; Somatosensory feedback off: fixed 
platform 
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